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VOLUME I - FOCUSED FEASIBILITY STUDY
1.0 EXECUTIVE SUMMARY

- Modified to reflect changes outlined below
2.0 SITES CHARACTERIZATION
2.5 Analytical Data

- Added surface water, sediment and fish tissue analytical results to Section 2.5.1 .3
Solutia Surface Water Sampling Plan

- Added surface water and sediment toxicity results to Section 2.5.1 .3 Solutia Surface
Water Sampling Plan

- Added benthic invertebrate community structure to Section 2.5.1 .3 Solutia Surface
Water Sampling Plan

- Added data quality, split samples and usability discussion to Section 2.5.1 .3 Solutia
Surface Water Sampling Plan

2.6 Summary of Risks
- Added a discussion of fish tissue bioaccumulation to Section 2.6.2.3 Menzie-Cura

(2001)
- Added a discussion of surface water and sediment toxicity to Section 2.6.2.3 Menzie-

Cura (2001)2.7 Treatability Studies
- Added Sauget Area 2 Site R groundwater treatability study results to demonstrate that

site constituents can be treated using biodegradation and carbon adsorption
2.8 Local Limits Evaluation

- Added a local limits evaluation to identify constituents with the potential to pass
through or interfere with the American Bottoms Regional Treatment Facility

- Added an evaluation of the ability of the ABRTF to treat constituents with the potential
to pass through or interfere with the POTW

3.0 INTERIM REMEDIAL ACTION OBJECTIVES
- Expanded remedial action objective discussion to provide rationale for focusing the

Interim Groundwater Remedy on protecting the Mississippi River
- Added rationale for postponing "clean up the aquifer" remedial objective until

performance of the RI/FS
- Added discussion for not considering groundwater contaminant transport via

suspended solids a migration pathway that needs to be controlled by the Interim
Groundwater Remedy

- Added chemical-specific ARARs list and analysis
- Added location-specific ARARs list and analysis
- Added IEPA identified ARARs for discharge to a POTW to action-specific ARARs list

and analysis
- Added a discussion on chemical-specific ARARs waivers for interim remedial actions

that manage or contain migration of an aqueous contaminant plume and will be
followed by a final action that attains ARARs

4.0 INDENTIFICATION OF REMEDIAL ACTION ALTERNATIVES
- Added jet-grout barrier wall to engineered barriers evaluation
- Added performance measures: mass loading, gradient control and bioaccumulation
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- Added groundwater quality monitoring to determine mass load to river
- Added groundwater level monitoring to demonstrate gradient control
- Added bioaccumulation monitoring to evaluate impact of groundwater bypassing

physical or hydraulic barrier
- Removed sediment toxicity monitoring as a performance measure

5.0 DETAILED ANALYSIS OF ALTERNATIVES
- Added Alternative B - Physical Barrier that included institutional controls, installation

and operation of a jet grout wall with three extraction wells pumping 303, 535 and 724
gpm during high, average and low river stages, respectively, and mass loading,
gradient control and bioaccumulation monitoring

- Added Alternative C - Hydraulic Barrier that included institutional controls, installation
and operation of a hydraulic barrier pumping 606, 1070 and 1448 gpm during high,
average and low river stages, respectively, and mass loading, gradient control and
bioaccumulation monitoring

- No Action, Physical Barrier and Hydraulic Barrier Alternatives were evaluated using
the seven CERCLA criteria

- Removed institutional controls and monitoring from Groundwater Alternative A - No
Action

- Removed mass removal design basis
6.0 COMPARATIVE ANALYSIS OF ALTERNATIVES

- No Action, Physical Barrier and Hydraulic Barrier Alternatives were compared
- Physical Barrier selected on basis of protectiveness, effectiveness, reduction of

toxicity, mobility and volume and cost
VOLUME II - DESIGN BASIS AND DESIGN

• Moved Design Basis and Pumping System Design into Volume II
• Added preliminary designs for barrier wall and pump control system to Volume II
• Volume II includes the following sections:

- Design Basis
- Barrier Wall Preliminary Design
- Pumping System Preliminary Design
- Pump Control System Preliminary Design
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EXECUTIVE SUMMARY
Sauget Area 2 Site R is located in the American Bottoms area on the east bank
of the Mississippi River and downgradient of Sauget Area 2 Sites O, Q
(DogLeg), and S; Sauget Area I Sites G, H, I, and L; the W.G. Krummrich plant
and other industries in the Sauget Area. Sauget Area 2 Site R is a capped area
approximately 2000 ft wide (perpendicular to groundwater flow) and 500 ft
long (parallel to groundwater flow). Below Sauget Area 2 Site R, affected
groundwater extends from close to the water table to bedrock (typically from
30 ft to 140 ft below ground surface).
The objective of this study was to determine pumping rates for two
alternative designs for a groundwater barrier located between Sauget Area 2
Site R and the Mississippi River: i) Groundwater Alternative B - Physical
Barrier (a "U"-shaped physical barrier together with groundwater pumping);
and ii) Groundwater Alternative C - Hydraulic Barrier (groundwater
pumping alone to form a hydraulic barrier). A numerical groundwater flow
model, MODFLOW, was used to meet these objectives (Figures 1 through 5).

Results
The modeling analysis indicated that the flowrate of affected groundwater
from the water-bearing units underlying Site R to the Mississippi River
during average river level conditions is 535 gpm. The sensitivity analysis
indicates that this flowrate decreases when the river stage is high and
increases when the river stage is low. When the monthly average high river
stage and monthly average low river stage are used in the model (with all
other parameters unchanged), the modeling indicates that the flowrate of
affected groundwater from Site R to the river ranges from 303 gpm to 724
gpm. Sensitivity analysis also indicates that MODFLOW results are most
sensitive to changes in river stage and insensitive or less sensitive to other
changes.
The design basis flowrate for Alternative B - Physical Barrier is for the
pumping system associated with this alternative to pump at a rate equivalent
to the flowrate of groundwater flowing into the "U"-shaped physical barrier.
Analytical capture zone relationships show that the Alternative C - Hydraulic
Barrier system needs to pump at twice the flowrate of natural groundwater
flow flowing past the desired capture width of the hydraulic barrier.
Based on these design bases, the resulting design flowrates are:
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RIVER LEVEL

Higher River Stage (monthly averagehigh river stage of 401 ft amsl)
Average River Stage (monthlyaverage river stage of 391 ft amsl)
Lower River Stage (monthly averagelow river stage of 383 ft amsl)

DESIGN PUMPING RATE
FOR THREE WELL SYSTEM (GPM)

ALTERNATIVE B -
PHYSICAL BARRIER

303

535

724

ALTERNATIVE C -
HYDRAULIC BARRIER

606

1070

1448

A qualitative analysis indicates that a three-well pumping system will serve
as an effective groundwater recovery system for Alternative B and
Alternative C.
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INTRODUCTION

As requested by Solutia Inc. (Solutia), Greundwater Services, Inc. (GSI), has
evaluated the pumping rates required for two alternative groundwater barrier
designs located between the downgradient boundary of Sauget Area 2 Site R
and the Mississippi River. This report summarizes the approach and results
of the study.

PROJECT BACKGROUND
Sauget Area 2 is located in the City of East St. Louis and the Village of Sauget
and Cahokia in St. Clair County, Illinois. Sauget Area 2 is located on the east
bank of the Mississippi River south of the MacArthur bridge west of Route 3
(Mississippi Avenue) and north of Cargill Road. Sauget Area 2 consists of
five sites: Site O, Site P, Site Q, Site R, and Site S. Site R is a capped area
approximately 2000 ft wide (perpendicular to groundwater flow) and 500 ft
long (parallel to groundwater flow).
The geology of the area is described as consisting of unconsolidated valley fill
deposits (Cahokia Alluvium) overlying glacial outwash material (Henry
Formation). In general, the permeability of the unconsolidated material
increases with depth with the outwash material being comprised of medium-
to coarse-grained sand and gravel. The hydrogeologic conceptual model
divides the unconsolidated water-bearing unit into three hydrogeologic units:
the Shallow Hydrogeologic Unit (extending from the water table to 380 ft
MSL), the Middle Hydrogeologic Unit (extending from 380 to 350 ft MSL), and
the Deep Hydrogeologic Unit (extending from 350 ft MSL to bedrock) as
determined by kriging the bedrock elevation map developed by Bergstrom
and Walker, 1956 (Attachment 1), or about 290 ft MSL at Site R. Figure 1
shows the elevations of the three layers in the model.
The Shallow Hydrogeologic Unit is the only layer used in the model that acts
as a confining layer. There are no aquitards or confining layers in the Middle
or Deep Hydrogeologic Units.
Representative constituents present in groundwater include volatile organic
constituents (VOCs) such as benzene, chlorobenzene, acetone, and 1,2-
dichloroethane and semi-volatile organic constituents (SVOCs) such as
phenol, 2-chloroaniline, and 2-nitrochlorobenzene. These and other related
constituents are found from the water table to bedrock in all three
hydrogeologic units.
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The objective of this study was to determine pumping rates for two
alternative designs for a groundwater barrier located between Sauget Area 2
Site R and the Mississippi River: i) Groundwater Alternative B - Physical
Barrier (a "U"-shaped physical barrier together with groundwater pumping);
and ii) Groundwater Alternative C - Hydraulic Barrier (groundwater
pumping alone to form a hydraulic barrier). A numerical groundwater flow
model, MODFLOW, was used to meet these objectives (Figures 1 through 5).
A numerical groundwater flow model, MODFLOW, was used to develop the
required information for this study.

MODEL DESCRIPTION
The MODFLOW groundwater flow model, developed by the U.S. Geological
Survey (McDonald and Harbaugh, 1988) (Attachment 2), was used to simulate
the movement of groundwater for baseline conditions and for various
pumping scenarios.
Key MODFLOW Model Attributes, Assumptions, and Input Parameters
Key model attributes, assumptions, and input data for the MODFLOW model
are listed below:

• A finite-difference grid with 60 ft by 60 ft cells in the vicinity of Site R
was used with cell size gradually increasing with distance from Site R
(Figure 2). Adjacent model cell column and row widths were not
altered more than a factor of 2.0 compared to adjacent columns
(Zheng and Bennett, 1995 (Attachment 3), and Spitz and Moreno,
1996 (Attachment 4)). The grid aspect ratio (ratio of column width to
row width) was limited between 10 and 0.1.

• Three layers were used in the model: i) an unconfined Shallow
Hydrogeologic Unit with a porosity of 0.30; ii) a convertible
confined/unconfined Middle Hydrogeologic Unit; and iii) a confined
Deep Hydrogeologic Unit. Geologic descriptions and hydraulic
conductivity data indicate that the Shallow Hydrogeologic Unit can
serve as a semi-confining layer for the deeper hydrogeologic units.
As shown in Figure 1, the potentiometric surface of the Middle
Hydrogeologic Unit extends into the Shallow Hydrogeologic Unit
(Layer 1 in model), also indicating confined or semi-confined
conditions. No aquitards restrict vertical groundwater flow between
the Middle and Deep Hydrogeologic Units.



DRAFT GROUNDWATER
March 31, 2002 SERVICES, INC

The top and bottom elevations of the hydrogeologic units were
derived from geologic cross-sections developed by URS (2001)
(Attachment 5), Geraghty and Miller (date unknown) (Attachment 6),
and Bergstrom and Walker (1956).
The initial hydraulic conductivity value used for the Shallow
Hydrogeologic Unit (Figure 3) near the site was 0.01 cm/sec, taken
from modeling studies performed for the Sauget Area 1 EE/CA and
RI/FS (Source Evaluation Study, Sauget Area 1, Groundwater
Services, Inc., May 21, 2000) (Attachment 7). This value is a
conservative (high-end) estimate that is partially based on slug tests
conducted at Sauget Area 1 Site I that showed a hydraulic
conductivity value of 4.5xlO"3 cm/sec.
Hydraulic conductivity data compiled by Schicht (1965) (Attachment
8) were used as the initial hydraulic conductivity in the model for the
Middle and Deep Hydrogeologic Units (Figure 3). Vertical hydraulic
conductivity values were used in the model to calculate leakance
terms. Data from Schicht (1965) were available to construct a detailed,
spatially-varying hydraulic gradient array for the entire model area
for the Middle and Deep Hydrogeologic Units. There were no maps
available of the Shallow Hydrogeologic Unit hydraulic conductivity
over the entire scale of the model.
The Shallow Hydrogeologic Unit is assumed to have a constant
hydraulic conductivity because of i) a lack of a model-wide Shallow
Hydrogeologic Unit hydraulic conductivity array; and ii) the apparent
small contribution to flow (transmissivity of the Shallow
Hydrogeologic Unit is 80 times lower than the Middle and Deep
Hydrogeologic Units).
Bedrock elevations, obtained by kriging data contained in Bergstrom
and Walker (1956), were imported into the model.
The Mississippi river was modeled using MODFLOW's river package.
The areal extent of each river cell is shown in the model grid in
Figure 2. Each river cell was assigned a river elevation (assumed
constant for all river cells in the model), a bottom elevation (based on
a single U.S. Corps of Engineers bathymetric cross section near Site R
(Attachment 9)), and a conductance term. The bathymetry of the
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river adjacent to Site R was assumed to extend throughout the entire
model reach.
The following bottom elevation profile was used for the river.
Elevations were derived from the fourth transect from the north, as
this transect was aligned with the center of Site R on the U.S. Army
Corps of Engineers bathymetry map shown in Attachment 9.

Distance fromEastern Shore ofRiver (ft)
0-60

60-120
120-180
180-240
240-300

300-1080
1080-1620

1620+

Measured BottomElevation in River(ft msl)
385
380
378
375
372
370
360
370

The riverbed conductance was assumed to be 795 ftVday, derived
from the average of monthly conductance estimates reported by
Schicht (1965) for a 60 ft by 60 ft cell. Proportionally higher
conductances were used for cells with larger areas.
An average river level stage of 391 ft MSL was used for the river in
the study area based on 1933 to 2001 monthly river stage data
(Attachment 10).
Steady-state runs were performed, and therefore no storage values
were used in the model described in the report. Based on Geraghty
and Miller (1993), representative storage coefficient values range from
0.04 to 0.10.
Constant head cells were used in the model to represent the eastern
boundary of the modeled area (the bluff line) based on "steady-state"
constant head elevations used in a regional groundwater flow model
developed by Clark (1997) (Attachment 11).
A surface infiltration rate of 7.8 inches per year was used in the model
to represent infiltration from rainfall (Schicht, 1965).
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• A regional pumping center of 4167 gpm, assumed to be withdrawn
from all three layers, was established in the model to represent
ongoing highway dewatering projects in the East St. Louis area
(Ritchey and Schicht, 1982) (Attachment 12).

• Figure 4 indicates that the highway dewatering has little effect on the
site. Head equipotential lines are relatively parallel to the river near
Site R, and do not curve north towards the pumping center until they
get closer to the pumping center. Since this dewatering system is
associated with Interstate 64, it is reasonable to assume that pumping
will continue indefinitely. Therefore, future effects on groundwater
flow at Site R due to this pumping center will continue to be the
same as they are today, i.e., negligible.

• Steady-state runs were performed because results from the 1993
Geraghty and Miller modeling study (Attachment 13) indicated that
transient modeling resulted in only minor changes in their steady-
state model results.

Modeling Approach
Zone Budget is a water balance component of the Visual MODFLOW package
that reports the exchange of groundwater between adjacent zones established
by the user. To calculate the quantity of groundwater discharge to the river,
river cells downgradient of Site R were assigned into two zones, one for river
cells in Layer 1, and one for river cells in Layer 2 (there were no river cells in
Layer 3). This represented an area 2000 ft long parallel to the riverbank and
extending all the way across the river. Then, by using Zone Budget, the
flowrate of affected groundwater to these zones during average flow
conditions was determined.
MODFLOW Calibration
Flow calibration against water levels measured on October 25, 2001 was
performed by adjusting the river level to 398.5 ft (the average river level for
the 24 hrs preceding the midpoint of the sampling period) (Table 2) and
comparing the predicted values to the actual modeled values (Table 1).
The Mississippi River stage value of 398.5 ft amsl is an average of hourly
river stage values between 12:00 pm on Oct. 24 and 12:00 pm on Oct. 25 (Table
2). Preliminary model runs indicated that the response time for the near-
river Middle and Deep Hydrogeologic Units to changes in Mississippi River
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elevation had timescales of hours (as opposed to days or weeks). Therefore,
an average river elevation for the 24 hours prior to the midpoint of the
sampling event on Oct. 25 was selected. Oct. 25 was selected for calibration
because the data were: i) representative of recent conditions; and ii) readily
available.
Shallow Hydrogeologic Unit Calibration
The initial hydraulic conductivity value used for the Shallow Hydrogeologic
Unit (Layer 1 in the model) near the site was 0.01 cm/sec, taken from
modeling studies performed for the Sauget Area 1 EE/CA and RI/FS. This
value is a conservative (high-end) estimate that is partially based on slug tests
conducted at Sauget Area 1 Site I that showed a hydraulic conductivity value
of 4.5xlO"3 cm/sec.
However, initial calibration runs showed that the predicted static water levels
from Layer 1 were considerably lower than the actual values measured on
Oct. 25, 2001. A better match was achieved by decreasing both the horizontal
and vertical hydraulic conductivity arrays in the model. The horizontal
hydraulic conductivity of Layer 1 (Kx and Ky) was reduced to 0.0005 cm/sec,
and the vertical hydraulic conductivity was decreased to IxlO"6 cm/sec to
better match observed hydraulic heads.
Additional data available suggested that this lower hydraulic conductivity of
Layer 1 is appropriate. First, geologic cross sections developed for Site R by
URS in 2001 (Attachment 5) indicated that the Shallow Hydrogeologic Unit is
comprised primarily of clay. Second, Geraghty and Miller (1993 and 1994)
reported that slug test values for the Shallow Hydrogeologic Unit at Sauget
Area 2 Site R ranged from 9xlO"5 cm/sec to 6xlO"3 cm/sec in two studies,
"Development of a Three-Dimensional Ground-Water Flow model for
Sauget Site R, Sauget, Illinois" in 1993 and "Groundwater Flow Conditions"
in 1994. Geraghty & Miller also indicated that this unit is a "low permeability
zone with fine-grained silty sand deposits predominating." These studies are
included as Attachments 13 and 14, respectively. Third, a review of the large-
scale geologic cross section of the American Bottoms prepared by Bergstrom
and Walker (1956) (Attachment 1) shows the upper portion of the cross
section being largely comprised of fine-grained material.
Additionally, the sensitivity analysis indicates that the model is relatively
insensitive to moderate changes in Layer 1 hydraulic conductivity. An
increase in Shallow Hydrogeologic Unit transmissivity by a factor of 10 results
in a flow increase of only three gpm. Therefore, varying the hydraulic
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conductivity of Layer 1 to obtain better modeling results is considered
appropriate.
Note that even with these changes, the match in Layer 1 was not as good as
the Layer 2-3 match. However, this match was considered to be acceptable (see
Figure 3 for final hydraulic conductivity values) because:

• the contribution of flow from Layer 1 to the river is small;
• sensitivity analysis indicates a change of only 3 gpm when the

hydraulic conductivity of the Shallow Hydrogeologic Unit is increased
by a factor of 10;

• upper-range transmissivity of the Shallow Hydrogeologic Unit is 425
ftVd (0.01 cm/sec x 15 ft thickness), 80 times less than the Middle and
Deep Hydrogeologic Units transmissivity of 35,000 ftVd (0.137 cm/sec x
90ft);

• actual flow contribution from the Shallow Hydrogeologic Unit may be
less as the saturated thickness near the river is relatively small; and

• it is more difficult to model an unconfined, near-surface layer than a
confined layer.

Therefore, the modeling focus was on the Middle and Deep Hydrogeologic
Units. This focus is validated by comparison of predicted versus observed
water levels in water level measurement wells located at Site R (see Figure 5
for well locations). For the key Middle and Deep Hydrogeologic Units, the
mean of the residual errors and root mean square are approximately 1 ft,
much lower than for the Shallow Hydrogeologic Unit.
Middle and Deep Hydrogeologic Unit Calibration
The hydraulic conductivity map developed by Schicht in 1965 was used for
initial values of the horizontal hydraulic conductivity for the middle and
Deep Hydrogeologic Units (Layers 2 and 3 in the model) (J^ and Ky; no
anisotropy is assumed in the horizontal plane). Zones between lines of
constant hydraulic conductivity were assumed to be arithmetic averages of
the two hydraulic conductivities shown on the contour lines. For example,
the initial hydraulic conductivity of the zone between the 3000 gpd/ft2 and the
2500 gpd/ft2 is assumed to be 2750 gpd/ft2, or 0.13 cm/sec. The zone inside the
3000 gpd/ft2 closed contour is assumed to have a hydraulic conductivity of
3250 gpd/ft2, or 0.15 cm/sec. The initial estimate of vertical hydraulic
conductivity (Kz) is 20% of K, and K .
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Initial calibration runs indicated that the hydraulic gradient between the
portions of the Middle and Deep Hydrogeologic Units near and under the
river was greater in the model than was represented in the data. Therefore,
changes were made in the following order:

1. The zone between the 2500 gpd/tfand 3000 gpd/ft2 on Schicht (1965)
(labeled "0.137 cm/sec" for K^ and K, in Figure 3) was extended entirely
across the River in the area west of Site R.

2. The Kx and Ky (horizontal hydraulic conductivity) of the same zone
were increased from 0.13 cm/sec to 0.137 cm/sec.

Additionally, the hydraulic gradient between the Middle and Deep
Hydrogeologic Units was greater in the model than in the Oct. 25, 2001 dataset.
Therefore, changes were made in the following order:

1. The vertical hydraulic conductivity of all zones in both the Middle and
Deep Hydrogeologic Units (Kz) was increased from an initial value of
0.20 of ̂  and Ky to a value of 0.50 of Kx and Ky to reduce the modeled
head loss.

2. The constant head elevations on the boundary cells on the east, north,
and south sides of the model were adjusted to match "steady-state" data
developed by Clark (1997) (Attachment 11).

In general, the potentiometric surface from the Middle Hydrogeologic Unit
(Figure 4) was compared to the potentiometric surface for November 1990
reported by Schicht and Buck (1995) (Attachment 15). The November 1990
potentiometric surface map was developed from data taken when the
Mississippi River stage was fairly low, around 385 ft msl. This value was
selected as it covered the entire model area and was relatively recent. This
comparison indicated a good relative match, as the general shape and values
of the predicted potentiometric surface were similar to the reported
potentiometric surface (including the cone of depression caused by the
highway dewatering system). The predicted values did not provide an
absolute match to the observed values due to differences in river stage.
Overall, the MODFLOW groundwater flow model was considered to yield a
reasonable simulation of the aquifer system.
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Sensitivity Analysis
Sensitivity analyses were conducted for the following parameters: recharge
(high and low), hydraulic conductivity in all three layers and in layer 1 alone
(high and low), river stage, and overall conductivity. The range that was
varied for each parameter was based on ranges in the underlying data for each
parameter used in the sensitivity analysis.
The table below summarizes the discharge from Site R to the river when
various parameters are altered. Conclusions that can be drawn from this
sensitivity analysis are:

• estimated groundwater discharge to the Mississippi River is insensitive
to the hydraulic conductivity of the Shallow Hydrogeologic Unit;

underestimation or overestimation of the hydraulic conductivity of all
three hydrogeologic units by a factor of 1.5 could result in groundwater
discharges to the Mississippi River ranging from 436 to 684 gpm,
respectively;

a decrease in recharge of 2.5 inches/yr or an increase in recharge of 2.1
inches/yr could result in groundwater discharges to the Mississippi
River ranging from 466 to 632 gpm, respectively;

an increase in river stage of 9.8 ft or a decrease in river stage of 7.9 ft
could result in groundwater discharges to the Mississippi River
ranging from 303 to 724 gpm; and

• estimated groundwater discharge to the Mississippi River is insensitive
to the conductance of the river bottom.

11
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FLOWRATE OF
SENSITIVITY RUN DESCR,PT,ON
____________________________________________RIVER (GPM)
BASELINE CASE. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .535

HIGHER Hydraulic Conductivity In All Three Layers
(Kx, Ky, and Kz shown in Fig. 3 increased by factor of 1 .5 ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .684
LOWER Hydraulic Conductivity In All Three Layers(Kx, Ky, and Kz shown in Fig. 3 reduced by factor of 1 .5 ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .436
HIGHER Hydraulic Conductivity In Shallow Unit Only(Kx, Ky, and Kz shown in Fig. 3 increased by factor of 10 ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 538
LOWER Hydraulic Conductivity In Shallow Unit Only
(Kx, Ky, and Kz shown in Fig. 3 reduced by factor of 10) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .535
HIGHER Recharge: Recharge Increased from 7.8 inches/yrto 9.9 inches per y r . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .632
LOWER Recharge: Recharge Decreased from 7.8 inches/yr
to 6.3 inches per y r . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .466

HIGHER River Stage: River Stage Increased from 391 ft msl
to 400.8 ft msl (the high monthly average flow) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .303
LOWER River Stage: River Stage Decreased from 391 ft mslto 383.1 ft msl (the low monthly average f l ow ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .724
HIGHER River Conductance: River Conductance multiplied by 2 .7 . . . . . . . . . . . . . . . . . . . 546
LOWER River Conductance: River Conductance divided by 1 .4 . . . . . . . . . . . . . . . . . . . . . . . 53 1

Model Limitations
The model has the following key limitations:

• the Shallow Hydrogeologic Unit is assumed to have a constant
hydraulic conductivity;

12
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the river is simulated with idealized cross section and river bottom
conductance values;
Only one parameter was changed at a time during the sensitivity
analysis, and therefore the modeling analysis does not account for any
combined effects of parameters that might be changed.

MODELING RESULTS
The modeling analysis indicated that the flowrate of affected groundwater
from the water-bearing units underlying Site R to the Mississippi River
during average river level conditions is 535 gpm. As expected, the sensitivity
analysis indicated that this value changes if key input data are changed. The
most sensitive parameter was river stage, and when the high monthly
average river stage (401 ft amsl) is used in the base case model, the flowrate of
affected groundwater from Site R to the river decreases to 303 gpm. When
the low monthly average river stage (383 ft amsl) is used in the base case
model, the flowrate of affected groundwater from Site R to the river increases
to 724 gpm.
The modeling results are based on the best estimates of input parameters,
model discretization, boundary conditions, and other factors. The sensitivity
analysis is based on changing one key parameter at a time, and does not
consider complex effects of river stage, recharge, and other boundary
conditions. As with any groundwater recovery system, more accurate
information can be obtained from installing, operating, and analyzing the
performance data from the pumping system.
KEY POINT: MODELING RESULTS
The modeling results indicate that the flowrate of affected groundwater to the river is
535 gpm during typical aquifer conditions and average river stage (391 ft amsl). The
sensitivity analysis indicates that this flowrate decreases when the river stage is
high and increases when the river stage is low (when all other factors remain
constant). When the monthly average high river stage and monthly average low river
stage are used, the modeling indicates that the flowrate of affected groundwater to the
river ranges from 303 gpm to 724 gpm.

DESIGN BASIS: ALTERNATIVE B - PHYSICAL BARRIER
A fully-penetrating, "U"-shaped physical barrier wall extending along the
downgradient portion of Site R, with side walls extending upgradient along

13
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the edges of Site R, will prevent inflow of clean groundwater into pumping
wells located within the "U" shaped barrier. Therefore, the design flowrate of
the pumping wells used in Groundwater Alternative B - Physical Barrier
system is equal to the flowrate of affected groundwater to the river:
• Higher River Stage (monthly average high river stage of 401 ft amsl): 303 gpm
• Average River Stage (monthly average river stage of 391 ft amsl): 535 gpm
• Lower River Stage (monthly average low river stage of 383 ft amsl): 724 gpm

Three pumping wells will provide a reliable extraction system. Performance
monitoring should be performed to ensure that this pumping system
effectively captures groundwater flowing into the "U"-shaped barrier wall.
KEY POINT: DESIGN BASIS FOR ALTERNATIVE B - PHYSICAL BARRIER

A physical barrier with wingwalls located on the downgradient side of Site R will
prevent inflow of clean groundwater into the pumping wells associated with this
alternative. Therefore, the design basis for Alternative B - Physical Barrier is for the
pumping system associated with this alternative to pump at a rate equivalent to the
flowrate of affected groundwater flow from Site R and other upgradient sources to the
river. Based on the modeling results, the total pumping rate for this alternative is:

- 303 gpm (at Higher river stage)
- 535 gpm (at Average river stage)
- 724 gpm (at Lower river stage)

Three pumping wells will provide a reliable extraction system.

DESIGN BASIS: ALTERNATIVE C - HYDRAULIC BARRIER
Based on uniform-flow capture zone analysis methods (see Attachment 16,
pg. 127), a relationship between Darcy flow through a vertical plane and the
pumping rate required to capture this flow can be made. As shown on page
127 of Attachment 16, a pumping well has a capture width when X = 0 (i.e., at
a cross-section perpendicular to groundwater flow at the well itself) of:
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where:
Y = Distance between Dividing Streamlines at the Line of Wells

("Capture zone width") (length)
Q = Pumping rate of well (length3 per time)
T = Transmissivity of aquifer (length2 per time)
i = Regional hydraulic gradient (dimensionless)

Rearranging this equation shows that

Q = Y - 2 - T - i

The Darcy groundwater flow rate (Q,) through this cross section equals:

Q j = Y - T - i
Therefore, the ratio of Q (the flowrate required to achieve a capture zone
width Y) to Qj (the Darcy flowrate through a vertical plane with width Y) is
equal to 2. In other words, to capture the flow in a vertical plane located at
the pumping well and perpendicular to groundwater flow, the well must
pump at twice the Darcy groundwater flowrate.
This basic groundwater capture zone relationship (as derived in Attachment
16) shows that the design flowrate of the Site R hydraulic barrier system must
be twice the Darcy flowrate from Site R to the river, or 2 x 535 gpm = 1070 gpm
at average river stage conditions (391 ft amsl). (Note that the number of wells
does not change this basic relationship, as the capture zone width is
independent of the number of wells as shown on page 128 of Attachment 16.)
Attachment 16 also indicates that this relationship is a conservative solution
because this method does not lead to "an optimal solution" (see page 127 of
Attachment 16). Therefore, this design approach will overestimate the
pumping rate required for capture. However, in a situation where
groundwater discharging to surface water is causing an unacceptable impact, a
conservative approach is appropriate.
In summary, the design flowrate of the pumping wells used in the
Groundwater Alternative C - Hydraulic Barrier system is equal to twice the
flowrate of affected groundwater from Site R to the river:
• Higher River Stage (monthly average high river stage of 401 ft amsl): 606 gpm
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• Average River Stage (monthly average river stage of 391 ft amsl): 1070 gpm
• Lower River Stage (monthly average low river stage of 383 ft amsl): 1448 gpm
Three pumping wells will provide a reliable system for Alternative C with
only minimal inflow from the river (see Figure 5 for well locations). Two of
the wells are located over 350 ft from the river, and influx from the river is
unlikely. The third well (Well 3 on Figure 5) is located only 150 ft from the
river, and some inflow might occur. To manage the inflow problem, Wells 1
and 2 can be pumped at higher rates and Well 3 at a lower rate. Performance
monitoring should be performed to ensure that this pumping system
effectively captures groundwater crossing the hydraulic barrier.

KEY POINT: DESIGN BASIS FOR ALTERNATIVE C - HYDRAULIC BARRIER
Based on analytical capture zone relationships, the hydraulic barrier system must
pump at twice the flowrate of affected groundwater from Site R to the river. Using the
modeling results, the total pumping rate for this alternative is:

- 606 gpm (at Higher river stage)
- 1070 gpm (at Average river stage)
- 1448 gpm (at Lower river stage)

A three-well pumping system will provide a reliable system. Inflow from the river can
be managed by pumping the three wells at different rates.
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Table 1
MODFLOW CALIBRATION RESULTS
Interim Groundwater Remedy Design Basis

Sauget Area 2, Sauget, Illinois

V
GROUNDWATER
SERVICES, INC

Well ID
Layer 1

B-22A
B-24A
B-25A
B-26A
B-28A
B-29A

Roux
Elevation to
Measuring

Point
(ft MSL)1

428.16
422.49
428.47
423.71
423.04
429.03

-OBSERVED
Depth to Water
(Oct 25, 2001)

(ft)

29.16
23.39
30.02
27.87
26.18
32.17

OBSERVED
Water

Elevation (Oct
25, 2001)
(ft MSL)2

399.00
399.10
398.45
395.84
396.86
396.86

SIMULATED
Water

Elevation
(ft MSL)3

395.2
394.8
396.4
393.7
392.5
396.4

-Residual Error
(SIMULATED-
OBSERVED)

(ft)

-3.80
-4.30
-2.05
-2.14
-4.36
-0.46

Squared
Residual
Errors
(ft)

14.44
18.49
4.20
4.58
19.01
0.21

MEAN OF RESIDUAL ERRORS: -2.85
ROOT MEAN SQUARE: 3.19

Well ID
Layers 2 1

B-21B
B-24C
B-25B
B-26B
B-28B
B-29B

GM-27B
GM-27C

Roux
Elevation to
Measuring

Point
(ft MSL)1

nd 3
428.37
422.52
427.35
423.62
423.08
429.06
426.04
426.76

OBSERVED
Depth to Water
(Oct. 25, 2001)

(ft)

38.39
32.80
37.21
33.58
33.09
38.83
36.09
36.63

OBSERVED
Water

Elevation (OcL
25, 2001)
(ft MSL)2

389.98
389.72
390.14
390.04
389.99
390.23
389.95
390.13

SIMULATED
Water

Elevation
(ft MSL)3

391.4
390.7
391.8
390.7
390.6
391.5
390.9
390.9

Residual Error
(SIMULATED-
OBSERVED)

(ft)

1 .42
0.98
1 .66
0.66
0.61
1 .27
0.95
0.77

Squared
Residual
Errors
(ft)

2.02
0.96
2.76
0.44
0.37
1 .61
0.90
0.59

MEAN OF RESIDUAL ERRORS: 1 .04
ROOT MEAN SQUARE: 1 . 1 0

NOTES:
1. Obtained from Table 2 of "Summary of Ground-Water Quality Conditions", Roux Associates,

Inc., Vol. II of II, December 1997.
2. Calculated by GSI using elevations obtained from Table 2 of "Summary of Ground-Water

Quality Conditions", Roux Associates, Inc., Vol. II of II, December 1997.
3. Groundwater elevations obtained from MODFLOW using a river elevation of 389.5 ft.

ft = feet
MSL = mean sea level
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Table 2
RIVER STAGE ESTIMATE FOR MODFLOW CALIBRATION

Interim Groundwater Remedy Design Basis
Sauget Area 2, Sauget, Illinois

GROUNDWATER
SERVICES, INC

Date and Time
Oct 24 2002 12:00
Oct 24 2002 13:00
Oct 24 2002 14:00
Oct 24 2002 15:00
Oct 24 2002 16:00
Oct 24 2002 17:00
Oct 24 2002 18:00
Oct 24 2002 19:00
Oct 24 2002 20:00
Oct 24 2002 2 1:00
Oct 24 2002 22:00
Oct 24 2002 23:00
Oct 24 2002 24:00
Oct 25 2002 01:00
Oct 25 2002 02:00
Oct 25 2002 03:00
Oct 25 2002 04:00
Oct 25 2002 05:00
Oct 25 2002 06:00
Oct 25 2002 07:00
Oct 25 2002 08:00
Oct 25 2002 09:00
Oct 25 2002 10:00
Oct 25 2002 11 :00
Oct 25 2002 12:00

Gage Level
(ft)

8.50
8.55
8.67
8.68
8.80
8.93
9.07
9.21
9.37
9.44
9.58
9.57
9.66
9.76
9.82
9.92
9.99
10.09
10 . 1 1
10 . 18
10 . 17
10.27
10.35
10.39
10.47

River Stage
(ft AMSL)1

388.44
388.49
388.61
388.62
388.74
388.87
389.01
389.15
389.31
389.38
389.52
389.51
389.60
389.70
389.76
389.86
389.93
390.03
390.05
390.12
390.11
390.21
390.29
390.33
390.41

MEAN OF STAGE: 389.52
NOTES:

1. Gage Zero = 379.94 ft: obtained from http://mvs-wc.mvs.usace.army.mil/MISS/MISL.html;
gage number 0179A Mississippi River at St. Louis, MO.

2. ft = feet
3. AMSL = American Mean Sea Level
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DRAFTGSI Job No. G-2561March 31 .2002
GROUNDWATER
SERVICES, INC

. . . • •Interim Groundwater Remedy Design Basis
SaugetArea2Sauget, Illinois

FIGURES

Figure 1: Generalized Hydrogeologic Cross Section
Figure 2: MODFLOW Model Configuration
FlgureS: Hydraulic Conductivity Arrays
Figure 4: Simulated Potentiometric Surface Maps
FigureS: VVeiH Locations ^

O



GSIJob No.G-2561
Issued: 1 1/29/01
Revised: 3/31/02
D R A F T Figure 1

GENERALIZED HYDROGEOLOGIC CROSS SECTION
Interim Groundwater Remedy Design Basis
Sauget Area 2, Sauget, Il l inois, Solatia Inc.

-^— West —
Elevation (ft MSL)

440

Discharge Control Wells
(Screened from Water
Table to -3 15 f tMSL )

, SiteR
Water Table Approximate Grounrjwater Elevation

(Shallow of Middle, Deep
Hydrogeologic Unit ) Hydrogeologic Units

——— East H
Shallow Serves as
Semi-Confining Unit

Mississippi River
Average River Elevation

Middle Hydrogeologic Unit
(Sand and Grave

Deep Hydrogeologic Unit
(Sand and Gravel)

Elevation
(ft MSL)

440

2 6 260
-2400-2200 -2000-1800 - 1600- 1400- 1200- 1000 -800 -600 -400 -200 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800

VERTICAL EXAGGERATION: APPROXIMATELY 12 : 1
VERTICAL SCALE: 1" = 66 FT
HORIZONTAL SCALE 1" = 752 FT

Distance from Western Boundary of Site R (ft)

Sources:
- Bedrock Elevation: Bergstrom and Walker, 1956
- Layer Elevations: URS Geologic Cross Section, 9/01 , Geraghty and Miller, 1986, Groundwater Services, Inc. , 2001
- Ground Surface Elevations: Geraghty and Miller, 1986 and URS Geologic Cross Section, 9/01
- Groundwater Flow Direction: Groundwater Services, Inc., 2001
- River Hydrography: 1994 Corps of Engineers data.

LEGEND

Approximate Direction of
Groundwater Flow With No Pumping

Mississippi River

Unsaturated Zone
Hydrogeologic Unit
Shallow Hyrjrogeologic Unit in
MODFLOW model
Middle and Deep Hydrogeologic
Units in MODFLOW model
BedrocH
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LEGEND
Kx = Ky (cm/sec)

5E-4
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0 . 1 1
0 . 15

0 . 1 37

<2 (cm/sec)
1 E-6

0.0295
0.0415

0.055
0.075

0.0685

0 Approximate area of Site R
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GROUNDWATER GEOLOGY OF THE
EAST ST. LOUIS AREA, ILLINOIS

BY

ROBERT E. BERGSTROM AMD THEODORE R. WALKER

ABSTRACT
Geologic conditions favorable for large supplies of groundwater are among the factors pro-

moting the concentrated industrial development of the Mississippi River bottomlands of the
East St. Louis area, commonly known as the American Bottoms. The water-yielding deposits
of the area are permeable sand and gravel in unconsolidated valley fill. The valley fill, which
ranges to over 170 feet in thickness, consists partly of Recent alluvium and partly of older al-
luvium, some of which is glacial outwash material from the Upper Mississippi Valley. Valley-
train sand and gravel occur beneath Recent alluvium in the northern part of the area and are
present at the surface in terraces bordering the flood plain in the vicinity of Roxana. The
lower alluvium south of the Missouri River mouth is older Missouri River sediment mixed with
coarse glacial outwash material from the Upper Mississippi Valley. Although Recent cut-and-
fill in this portion of the area has produced heterogeneity in the upper two-thirds of the valley
fill, there is a general coarsening of material with depth. The most favorable water-yielding
deposits usually occur below a depth of 60 to 90 feet, out clean sand and gravel are not present
at all places on the American Bottoms. Distribution of permeable deposits and thickness of
valley fill are controlled in part by the configuration of the bedrock valley floor.Recharge of groundwater in the valley fill is by seepage from rainfall and floods and, in
certain areas, by percolation from the Mississippi River and its tributaries. Geologic conditions
appear favorable locally for greater groundwater exploitation, especially in some areas close to
the river where permeable deposits are present and where river recharge might be induced by
pumpage.

INTRODUCTION
LOCATION

The East St. Louis area in southwestern
Illinois includes the portions of Madison,
St. Clair, and Monroe counties that lie
within the valley bottom of the Missisippi
River between Alton and Dupo, 111. (fig.
1). The area is known locally as the
American Bottoms. It includes about 175
square miles, is approximately 30 miles long,
and has a maximum width of 11 miles. The
principal cities are East St. Louis, Granite
City, Wood River, and Alton.

The area has been mapped by the United
States Geological Survey, and topographic
maps of the following 71/2-rnirmte quadran-
gles are available: Alton, Bethalto, Colum-
bia Bottom, Wood River, Granite City,
Monks Mound, Cahokia, and French Vil-
lage.

PURPOSE OF REPORT
The East St. Louis area is one of the

most highly industrialized areas in Illinois,
and the demand for groundwater supplies

FIG. 1.—Index map showing location of East St.
Louis area and major groundwater reports pub-

lished since 1950 or in progress,
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has been great. The total municipal and
industrial punapage of ground-water during
1951 averaged between 100 and 110 million
gallons per day (Bruin and Smith, 1953, p.
5). The expansion of exist ing industries
and the influx of new industries indicate
that even greater demands will be made on
groundwater reservoirs. To develop the
groundwater resources to their full poten-
tial, careful consideration must be given to
the geologic conditions that control the oc-
currence of groundwater in the area. This
report summarizes these conditions and in-
dicates areas favorable or unfavorable for
the development of additional supplies. Em-
phasis is placed on geologic conditions con-
trolling development of the large supplies
needed for municipal and industrial pur-
poses. Engineering aspects of the problem,
involving detailed hydrologic and produc-
tion data, have been under investigation for
a number of years by the Illinois State
Water Survey (Bruin and Smith, 1953 ) .
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PREVIOUS INVESTIGATIONS
Early references to the geology of tin-
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rected by A. H. Worthen (cited below).
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raphy, and mineral resources were pub-
lished by Fenneman, and a report on the
groundwater resources was published by
Bowman and Reeds. The Fenneman and
Bowman reports, listed below, have been
the primary sources of general geologic in-
formation on the area. Other geologic
work in the vicinity of East St. Louis has
been in connection with larger areal stud-
ies or on individual geologic problems. The
following publications are concerned with
geology of the area, with or without spe-
cial reference to groundwater:

Hell, A. H., 1929, The Dupo oil f ie ld :
I l l inois Geol. Survey 1 1 1 , Pet . 17.

Bowman, Isaiah, and Reeds, C. A., 1907,
Water resources of the East St. Louis
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Drushel , J. A., 1908, Glacial drift under
the St. Louis loess: Jour. Geol. v. 16.
p. 493-498.
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1 9 3 3 , Subsurface geology in the East
St. Louis region ( a b s t . ) : Il l inois
Acad. Sci. Trans., v, 26, no. 3, p. 10 1 .

Englemann, George, 1947, Carbonifer-
ous rocks of St. Louis and v ic in i ty :
Am. Jour. Sci., 2nd ser., v. 3, p. 1 19 -
1 20 .

Fenneman, N. M., 1907, Strat igraph ic
work in the vicinity of East St. Louis:
Ill inois Geol. Survey Bull. 4, p. 2 1 3 -
2 1 7 .

————————. 1909, Physiography of the
St. Louis a r ea : Illinois Geol. Survey
Bull. 12 .

—————, 1 9 1 1 , Geology and mineral
resources of the St. Louis quadrangle,



SUBSURFACE DATA

Mo.-IlL: U. S. Geol. Survey Bull.
438.

Flint, R. F., 1941, Ozark segment of
Mississippi River: Jour. Geol., v. 49,
p. £26-640.

Horberg, Leland, 1950, Bedrock topog-
raphy of Illinois: Illinois Geol. Sur-
vey Bull. 73.

Leverett, Frank, 1870, The Illinois gla-
cial lobe: U. S. Geol. Survey Mon.
38, p. 64.

———————, 1895, The preglacial val-
leys of the Mississippi and its tribu-
taries: Jour. Geol., v. 3, p. 740-763.

-, 1921, Outline of the Pleis-
cene history of Mississippi Valley:
Jour. Geol., v. 29, p. 615-626.

Robertson, P., 1937, Drift exposures in
St. Louis and St. Louis County
(abst.) : Missouri Acad. Sci. Proc.,
v. 3, no. 4, p. 129.

———————, 1938, Some problems of the
middle Mississippi River during Pleis-
tocene time: St. Louis Acad. Sci.
Trans., v. 29, no. 6, p. 169-240.

-, 1940, Some Pleistocene ter-
races of the Mississipi River (abst.) :
Geol. Soc. Am. Bull, v. 51, no. 12,
pt. 2, p. 2041.

Rubey, W. W., 1952, Geology and min-
eral resources of the Hardin and Brus-
sels quadrangles (in Illinois) : U. S.
Geol. Survey Prof. Paper 218.

Wanless, H. R., 1933, Pennsylvanian
rocks of Madison and St. Clair coun-
ties, Illinois: Illinois Acad. Sci. Trans.,
v. 26, no. 3, p. 105.

Worthen, A. H., 1866, Madison Coun-
ty: Geol. Survey of Illinois, v. 1, p.
249-263.

———————, 1866, St. Clair County:
Geol. Survey of Illinois, v. 1, p. 23 1 -
248.

Of the following publications, pertaining
more specifically to engineering phases of
groundwater work, the report by Bruin and
Smith contains the most recent and com-
plete information on the hydrology' and
water quality in the American Bottoms:

Brittain, D., 1875 , On the well at the
Insane Asylum, St. Louis Co., Mis-

souri: Am. Jour. Sci., 3rd ser., v. 9,
p. 61-62.

Broadhead, G. C., 1878, On the well at
the Insane Asylum, St. Louis Co.: St.
Louis Acad. Sci. Trans., v. 3, p. 216.

Bruin, Jack, and Smith, H. F., 1953,
Preliminary investigation of ground-
water resources in the American Bot-
toms: Illinois Water Survey Rept.
Inv. 17.

Gleason, C. D,, 1935, Underground wa-
ters in St. Louis County and City of
St. Louis, Missouri: Missouri Div. of
Geol. Survey and Water Resources,
Bienn. Rept. of State Geologist, 1933-
34, app. 5.

Prout, H. A., 1853, Belcher's artesian
well in St. Louis: Am. Jour. Sci., 2nd
ser., v. 15, p. 460-463.

St. Louis Chamber of Commerce, 1950,
The industrial water resources of the
St. Louis area.

Searcy, J. K., Baker, R. C., and Durum,
W. H., 1952, Water resources of the
St. Louis area, Missouri: U. S. Geol.
Survey Circ. 216.

Shepard, E. M., 1907, Underground
waters of Missouri—their geology
and utilization: U. S. Geol. Survey
Water Supply Paper 195.

Suter, Max, 1942, Groundwater stud-
ies in the East St. Louis district: Illi-
nois Engineer, v. 18, no. 2.

EXTENT AND RELIABILITY OF
SUBSURFACE DATA

This report is based on a study of about
700 logs of wells and borings, supple-
mented by studies of available samples.
Most of the logs are of water wells or of
test borings made prior to the construction
of water wells. Many are logs of borings
made by the U. S. Corps of Engineers in
connection with levee construction. A few
are logs of oil wells or oil test holes. Most
of the borings do not extend through the
unconsolidated sediments lying above bed-
rock. Many of the wells were drilled to
what the drillers assumed to be bedrock, but
it is likely that many of these borings end
at large boulders several feet above the bed-
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rock, for nearby wells record greater depths
to bedrock. The Corps of Engineers recog-
nizes the possibility that many of their bor-
ings end with the bit resting on a boulder
lying above bedrock; they label such depths
"bit refusal" rather than "bedrock." The
term "bit refusal" is preferred to an un-
qualified designation as bedrock in those
cases where the drilling does not actually
continue into bedrock for at least a few
feet.

In mapping the surface of the bedrock,
we have considered as reliable only those
wells that have penetrated the underlying
rock. The only wells that satisfy this re-
quirement are the oil wells and oil test holes,
and these are few. The reliability of the
remainder of the logs-is open to some ques-
tion, so a subjective factor was involved in
construction of the bedrock surface con-
tour map.

Logs of oil wells and oil test holes are of
little value in giving information on the
lithology of the unconsolidated material in
the American Bottoms because they lack
detail in the upper sections. For informa-
tion on the lithology of the valley fill, reli-
ance must be placed upon logs of shallow
borings. Logs obtained from the Corps of
Engineers are considered to be the most re-
liable. The borings from which these logs
were made were supervised by field engi-
neers experienced in collecting and record-
ing such data, and the sampling intervals
were closely spaced. In addition, many of
these logs have been compiled after mechan-
ical analyses were made of the samples.
Logs obtained from water-well drillers are
less reliable, as many lack detail. Where
drillers attempted to classify the sediments
into grain sizes, a large personal factor was
involved. For example, the sediment in
many samples is described as "building
sand" or "quicksand"; in such cases much
has been left for us to interpret.

Some information also has been obtained
from excavations made for the construction
of piers and abutments for bridges across
the Mississippi River. These give reliable
information on bedrock elevations but at
best furnish only very generalized informa-
tion on the nature of the unconsolidated

sediments. To supplement the data availa-
ble on depth to bedrock, a refraction seis-
mograph study was made at locations where
well information was lacking.

An attempt was made to obtain addi-
tional information on the stratigraphy of
the unconsolidated sediments by the elec-
trical earth resistivity method. Twenty-five
resistivity stations were set up adjacent to
wells or borings for which detailed logs
were available and which thus could serve
as controls. The results of this work are
inconclusive. We decided that unknown
factors were influencing the resistivity read-
ings, and this phase of the investigation was
halted.

TOPOGRAPHY AND DRAINAGE
The Missouri and Mississippi rivers come

together in the northern part of the area,
about 5 miles downstream from Alton. Up-
ward from this junction within the area of
study and for several miles upstream, these
two rivers flow southeast in the same val-
ley, bordered on each side by bluffs of Mis-
sissippian limestone (tables 1 and 2). Be-
low this junction the Mississippi River
flows south across the area. Through the
middle of the area the river valley crosses
the western edge of a lowland cut in easily
eroded Pennsylvanian ("Coal Measures")
rocks and attains its maximum width (ap-
proximately 11 miles). In the southwest-
ern part of the area the river crosses the
more resistant Mississippian limestone and
its valley narrows to about 3^1 miles in
width. At present, only in the area above
Alton is the Mississippi River eroding the
valley walls on the Illinois side. It is cut-
ting along the western bluffs throughout
the remainder of the area.

Along the river channel, the flood plain
ranges in average elevation from 415 feet
in the vicinity of Alton to 405 feet in the
vicinity of Dupo. In this distance of 30
miles, the river falls 16 feet, a gradient of
about 6 inches per mile.

In relatively recent geologic time, the
Mississippi River has changed its course
frequently in the East St. Louis area, pro-
ducing a complex variety of land forms and
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PLATE 1.—A. Horseshoe Lake bed, Madison County, 111. View east from highway U.S. 66 near National
City. B. Shell Oil Company Wood River Refinery, built on terrace above the Mississippi River flood

plain. View southwest from bluffs east of Roxana, Madison County, 111 .

river deposits (Fenneman, 1909, p. 13,
29) . Horseshoe Lake( pi. 1A) and other
crescent-shaped lakes, swamps, and low-
lands in the area mark the location of for-
mer meanders abandoned in the process of
channel migration. The arcuate ridges and
swales that border these meander loops
on the concave side were formed as slack-
water bars in former channels. East of the
meander belt are discontinuous areas of
poorly drained lowlands or backwater
swamps which have been partially filled

by silt and clay from floodwaters of the
Mississippi and local tributaries.

In the northern part of the American
Bottoms, deposits of sand and gravel occur
in terraces that stand above the flood plain.
They are eroded remnants of a valley fill
of sand and gravel deposited by water from
melting glaciers to the north, in the Missis-
sippi drainage basin. These deposits for-
merly filled the valley to the present levels
of the terraces. The low, broad ridge upon
which East Alton, Wood River, Roxana,
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PLATE 2.—A. Mounds at Cahokia Mounds State Park, Madison Co. B. East bluffs bordering the
American Bottoms. Looking northeast from 3 miles northeast of Horseshoe Lake, Madison Co.

and South Roxana are built is a terrace that
stands 40 feet or more above the Mississippi
River and 25 to 35 feet above the present
flood plain (pi. IB ) . The terrace is 440
to 450 feet above sea level. The front of
the terrace has a sharp rise of 12 to 15 feet.
This terrace level is also represented by low
flat-topped knolls in the vicinity of Poag
and just west of Indian Creek south of
Roxana.

Many areas on the American Bottoms are
somewhat above the flood plain but are be-
low the level of the terrace at Wood River.
North of Horseshoe Lake, the elevation of

this intermediate level is 420 to 435 feet.
It is more recent than the Roxana terrace
but also may represent aggradation during
late glacial time.

Between East St. Louis and the eastern
bluff is a group of mounds occupying an
area of 3 to 4 square miles (pi . 2A ) . The
largest of these. Monks Mound, is about
85 feet high, whereas the smaller ones are
only a few feet high. Although some of
the mounds are symmetrical, steep, and
cone-shaped, indicating an artificial origin,
some of them may be remnants of an ear-
lier higher flood plain.
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The bluff that forms the eastern edge of

the valley rises 150 to 200 feet above the
valley bottom. Bedrock is well exposed in
the bluffs on the Illinois side of the river in
only two places, northwest of Alton in the
northern part of the area and south of
Stolle in the southern part. Most of the
bluffs on the eastern side of the valley (pi.
2B) are covered by a mantle of glacial
drift overlain by windblown silt called loess.
With the exception of the two areas men-
tioned, the loess also blankets the face of
the bedrock bluff. Between Edgemont and
Caseyville, however, the loess cover is
patchy and there are scattered outcrops of
Pennsylvanian bedrock in the bluffs.

Many alluvial fans have been developed
below the bluffs on the eastern side of the
valley. These fans are composed predom-
inantly of reworked loess which has been
picked up by tributary streams in the up-
land and redeposited where the tributaries
enter the main valley. As a result of the
deposition of alluvial fans, the elevation of
the valley bottom adjacent to the eastern
bluff is 30 to 50 feet higher than the gen-
eral elevation of the valley bottom. The
alluvial fans, however, are not to be con-
fused with the terraces of glacial sand and
gravel mentioned above, .for they gently
slope and thin valleyward and have an en-
tirely different lithologic composition.

The upland adjacent to the American
Bottoms consists of broad, flat plains sep-
arated by relatively narrow, deep valleys.
In most places the major tributary streams
appear to follow preglacial bedrock valleys.
The valley floors have relatively steep
gradients as they join the main valley. In
contrast, the Mississippi valley bottom
slopes gently southward at an average rate
of only about 6 inches per mile. In times
of heavy rainfall the tributaries carry more
water than normally can be confined within
their banks in their lower courses across the
Mississippi flood plain. Formerly this re-
sulted in numerous floods along those por-
tions of the tributaries that lie within the
valley. As a corrective measure, the lower
courses of the tributary streams have been
straightened and levees constructed to pre-
vent flooding of agricultural lands.

East of Dupo and south of Stolle, where
easily dissolved Mississippian limestones are
near the surface, the ground is pitted with
hundreds of sinkholes 10 to 40 feet deep.
This irregular sinkhole topography is
markedly different from the flat divides and
narrow valleys farther east.

OCCURRENCE AND MOVEMENT
OF GROUNDWATER

GENERAL PRINCIPLES
Water flowing over the ground or fall-

ing on the ground as rainfall seeps through
openings between loose particles of the soil
and percolates downward. Below a certain
depth, all openings in the loose surface ma-
terials and underlying bedrock are filled
with water.

The upper surface of the saturated zone
is called the water table. Its position is de-
termined by the depth at which water
stands in wells, borings, and excavations.
The water-table surface roughly parallels
the surface topography, rising under the
uplands and intersecting the ground surface
along perennial streams, lakes, and swamps.
Its position fluctuates from season to season
and year to year. The water table is low-
ered during periods of prolonged drought;
it rises during periods of excessive rainfall.
In the East St. Louis region its position is
normally at a depth of about 15 to 20 feet
below the surface of the valley floor, al-
though concentrated pumpage has lowered
it considerably over much of the area.*

The water in the upper part of the sat-
urated zone is unconfined and moves under
the influence of gravity in the direction of
the water-table slope. In wells that pene-
trate the saturated zone under these condi-
tions, the water level indicates the level of
the water table; these wells are called
water-table wells.

Where permeable water-bearing forma-
tions (aquifers) are overlain by relatively
impermeable formations and the water in
the aquifers is confined under hydrostatic
pressure, artesian conditions exist. Wells
penetrating such aquifers are called artesian

' For a wattr-table map of triii area sec Illinois State
Water Survey Rept . I nv . 17, p . 19,
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wells. The water levels in artesian wells
stand above the bottom of the confining im-
permeable bed and may be either above or
below the level of the water table at any
particular place.

Water-table and artesian systems ideally
represent two fundamentally different sets
of hydrologic conditions. Commonly, how-
ever, the confining layer of the artesian
aquifer is only relatively impermeable and
thus allows slow transmission of water from
the system into adjacent aquifers. This is
called a leaky artesian condition and it most
commonly and nearly always prevails in
interbedded unconsolidated deposits with
different permeabilities, such as the valley
fill and glacial deposits in the East St. Louis
area.

AQUIFERS IN THE EAST ST. Louis AREA
VALLEY FILL

For practical purposes, the only aquifer
for large-quantity production in the East
St. Louis area is valley-fill material, which
includes both alluvium and glacial out-
wash, Groundwater occurs in the valley
fill, with its interbedded layers and lenses
of varying permeability, primarily under
water-table and leaky artesian conditions.
At present, this aquifer furnishes all the
groundwater pumped from wells in the
valley bottom.

BEDROCK
Bedrock aquifers, although in part capa-

ble of producing large quantities of water,
are now of negligible importance in the
American Bottoms because of the possibil-
ity of highly mineralized water at depth,
the ready availability of water from shal-
lower valley-fill deposits, and the high cost
of deep drilling. In many places on the up-
lands, however, the bedrock is the only
groundwater source available and is tapped
for domestic supplies. The shallower bed-
rock formations in this region are not highly
productive, and the deeper ones yield highly
mineralized water.

GLACIAL DRIFT
Thin deposits of glacial dr ift are present

on the upland ad jacent to the area. This

material consists of glacial till overlain lo-
cally by 50 feet or more of loess. In sonic
places thin beds of sand and gravel within
the till furnish enough water for domestic
supplies. These local sand and gravel beds
are<generally found near the base of the ti l l .
They are not persistent and their presence
normally cannot be predicted prior to dril l-
ing.

GEOLOGIC HISTORY
PALEOZOIC ERA

The present landscape of the East St.
Louis area has been produced by processes
acting only during relatively recent geo-
logic time. A vast amount of earlier time is
represented by the indurated sedimentary
rocks that underlie the unconsolidated allu-
vial fill of the American Bottoms (pi. 4).
There is virtually no sedimentary record in
this area for the time between the forma-
tion of the youngest of these sedimentary
rocks (Pennsylvanian) and the advance of
Kansan ice during the Pleistocene or glacial
epoch. A summary of geologic events is
given in table 1.

The bedded rocks of the Paleozoic era
beneath the valley fill and in the bluffs of
the East St. Louis area rest on the eroded
surface of much older (pre-Cambrian)
rocks at a depth of over 3800 feet. The
Paleozoic seas in which these rocks were
deposited as sediments alternately advanced
and retreated in the area. The position of
the shorelines and the character of the sedi-
ments deposited were controlled to some ex-
Tent by activity in the nearby Ozark area,
which was uplifted from time to time, be-
ginning early in the Paleozoic era. The
sandy and shaly rocks reflect the washing of
sands and muds into the shallow seas,
whereas the limestones and dolomites sug-
gest clear seas. No doubt crustal move-
ments were gentle, and neither seas nor
highlands were strongly or rapidly modified.

At the close of the Pennsylvanian period
ihe sea withdrew and the area became land.
It is likely that the area was never again
submerged by the sea, though in other parts
of the United States thousands of feet of
mar ine sedimentary rocks were formed dur-
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Geologic events in East St. Louis area

Shifting of river channel; modification of flood plain; formation
of alluvial fans along bluffs.
Deposition of valley trains and loess; dissection of valley-train
deposits and formation of terraces.
Weathering and erosion of till and valley-train deposits; reopen-
ing of valley.
Advance of glacier across American Bottoms and onto bluffs at
St. Louis; Mississippi River probably maintained course through
or under ice.
Weathering and erosion of till and valley-train deposits; reopen-
ing of drainage through valley.
Advance of glacial ice; deposition of till; possible damming or
restriction of Mississippi Valley.
Weathering, erosion.
Advance of glacial ice, which may have reached this area; depo-
sition of valley train.
Complex series of crustal movements and erosional cycles;
establishment of major drainage lines; major cutting of Missis-
sippi bedrock valley.

Erosion.

Uplift and erosion.
Periodic submergences by sea with formation of coal swamps
during emergent intervals.
Submergence; formation of shales and thick limestone forma-
tions.
Deposition of lime sediments followed by emergence and erosion.
Deposition of limy sediments along outer margin of a great reef
belt; later emergence and erosion.
Continued submergence, with formation of dolomite, shale, and
sandstone; intervals of emergence and erosion.
Prolonged erosion; later submergence and formation of thick beds
of sandstone and dolomite.
Long period of igneous activity, sedimentation, crustal activity,
and erosion.
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ing the 250 million years after the Penn-
sylvanian period.

MESOZOIC AND TERTIARY HISTORY
The post-Pennsylvanian history of the

East St. Louis area is mainly an account
of the wearing down of the land by ancient
streams during and after periods of crystal
upl ift . Four cycles of uplift and erosion
are recorded in the bedrock surface of west-
ern Illinois (Horberg, 1953, p. 39 ) . Each
cycle of erosion was initiated by a period of
uplift that gave streams more erosive power
and caused them to cut into and partially
destroy the existing land surface. The old-
est erosion surface, because it was involved
in all subsequent periods of uplift, has been
largely destroyed, but remnants are pre-
served in the flat upland surfaces of Cal-
houn County, 25 miles northwest of Alton.

The crustal uplifts produced many drain-
age shifts. The latest movement probably
established the major drainage patterns in
essentially their present form, although
many segments of river channels were
doubtlessly inherited from early courses.
Because the Mississippi River between St.
Louis and Cape Girardeau cuts across re-
s istant Mississippian rocks, which have
been uplifted along the eastern side of the
Ozark dome, instead of flowing across the
lowland of the softer Pennsylvanian rocks
farther east, it is possible that the river was
established in its present channel prior to
uplift of the dome. Regional structural and
geomorphic relationships suggest that the
Mississippi Valley is very old. Further-
more, from regional evidence it appears
that it may have been cut essentially to its
present depth before the advance of Pleis-
tocene glaciers.

PLEISTOCENE EPOCH
The advance of continental glaciers into

northern United States during the Pleisto-
cene epoch profoundly modified the land-
scape. Areas actually overridden by the
glaciers were blanketed by unsorted rock
debris as the ice melted and dropped its
load. Beyond the ice front, sediment-laden
meltwaters escaped down valleys toward
the sea, partially filling them with glacial

sand and gravel deposits that became pro-
gressively finer downstream. The r iver
flats, kept free of vegetation by frequent
glacial flooding, were subject to wind ero-
sion, and great volumes of silt were picked
up and transported to the uplands border-
ing the valleys. The unsorted ice-laid de-
posits (ti l l), the sorted water-laid mater ia l
(outwash), and the wind-transported si lts
(loess) mantle the bedrock in the Ameri-
can Bottoms and adjacent area.

The history of the earl ier glacial ad-
vances (Nebraskan and Kansan) in the
area is obscure, but later glacial events are
better documented. The presence of llli-
noian till in St. Louis and along the eastern
bluffs of the valley indicates that the llli-
noian ice, advancing from the northeast, ex-
tended across the American Bottoms.

The "clay," "blue clay," and "blue clay
and gravel" that are logged in many wells
just above bedrock in the Alton-Wood
River area may be pebbly glacial till which
could be of Illinoian age or older. Because
the Illinoian drift is thin, it is unlikely that
the valley was completely filled at that time,
although drainage was temporarily blocked
or restr icted so that ponding took place up-
stream in the Mississippi, Illinois, and Mis-
souri valleys.

The Wisconsin glacial stage in the East
St. Louis area was marked by the down-
stream spread of outwash as valley trains
during ice advances in the north and by
deposit ion of loess on the bluffs. Loess is
well exposed in the uplands on the eastern
side of the valley, particularly in road cuts
along Highway 460 between East St. Louis
and Belleville where the road first enters
the uplands. The loess deposits indicate
that the Mississippi valley bottom was cov-
ered with extensive valley-train deposits in-
cluding glacial rock flour from Wisconsin
ice sheets. The nearest approach of Wis-
consin ice was during the Tazewell sub-
stage when the ice advanced into Shelby
County, some 75 miles to the northeast.

During one glacial advance, the flood
plain at East St. Louis was aggraded to an
e levat ion of about 445 feet. Remnants of
this surface are the terraces at Roxana and
Wood River and along Cahokia Creek.
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Subsequent river downcutt ing destroyed
this surface in all but the northern portion
of the American Bottoms. The Recent
r iver scour and reworking have not been
complete , however, for the lower sect ion of
the valley fill is bel ieved to be partly glacial
in or ig in . Wood fragments found in the
lower part of the fill have been dated by
the rad ioact ive carbon method as older than
20.000 years, which dates the wood, and
presumably the deposits containing the
wood, as at least as old as early Wisconsin.

The large boulders commonly encoun-
tered at depths of 80 feet or more, which
somet imes limit the depth of drill penetra-
tion, are probably remnants of lllinoian or
older til l .

In Recent time the river has scoured and
reworked the upper part of the valley fill in
migrating across the broad bottomlands.
The channel scouring has taken place chiefly
during floods when volume and velocity
were high. At the same time, spreading
Hoodwaters have deposited silt and clay
along the sides of the channel and in back-
water areas. In subsiding and low-water
r iver stages, only fine-grained sediments
have been transported, and silting has taken
place in the channel . The channel migra-
tion, cut-and-fill, and flooding have pro-
duced complex, heterogeneous deposits
which vary in depth (fig. 4). Soundings at
Eads Bridge during river flood have ind i-
cated river scour as deep as 80 feet (Wood-
ward, 1 8 8 1 , p . 5) . This figure i s thought
to represent the average depth to which the
valley fill has been reworked along the Re-
cent meander belt. Below this depth the de-
posits are glacial outwash mater ia l and
older alluvium.

The broad al luvial fans found below the
bluffs are also of Recent age. They are
composed of reworked loess and have been
built outward across the valley fill by trib-
utary streams and slope wash.

GEOLOGY AND WATER-BEARING
PROPERTIES OF THE BEDROCK

REGIONAL RELATIONS
The r iver sediments of the American

Bottoms are underla in bv consol idated sedi-

mentary rocks over 3800 feet thick, as
shown by a well completed at the City Sana-
torium in St. Louis in 1869 (Broadhead,
1 8 7 8 ) .

' 1 h i ' bedrock { u r i n a t i o n s , d om i n a n t/-
l imestone and dolomite with subordinate
amounts of sandstone and shale, dip gently
northeastward from the Ozark highlands
toward the Illinois Bas in . In the area of
the American Bottoms, minor folds have
been superimposed upon the regional struc-
ture so that locally the beds may dip in
other direct ions (plate 4). For example,
in the southern part of the area a sharp
transverse arch produces reversals of the
regional dip. The axis of this fold extends
from the vicinity of Waterloo in Monroe
County in a northwesterly direction
through Dupo on the American Bottoms
and across the Mississippi at Arsenal Island
into St. Louis. The steeply dipping beds
on the southern limb of the arch can be seen
in the bluffs south of Dupo. The arch is
the controlling structure for the accumula-
tion of oil in the Waterloo and Dupo oil
fields of Illinois (Bell , 1929) . The Floris-
sant dome north of St. Louis is near the
trend of the structure.

Mississ ippian rocks underl ie the valley
fill in the western part of the American
Bottoms, and Pennsylvanian rocks underl ie
the bottom sediments in the eastern part.
The approximate boundary between Penn-
sylvanian and Mississippian rocks is shown
in plate 3. A summary of formations un-
derlying the American Bottoms is given in
table 2.

The Mississippi River now follows a
channel under la in , beneath the alluvium,
by Mississippian limestones. The widening
of the Mississ ippi Valley between \Vood
River and Dupo is a result of the river's
lateral cutt ing into the easily eroded shales
of the Pennsylvanian and Mississippian
(Ches t e r ) formations upstream from the
res i s tant Mississippian limestones that are
at the surface in the Waterloo-Dupo struc-
ture .

LITHOLOGY OF THE BEDROCK
Most informat ion on the bedrock forma-

tions in the American Bottoms has come



TABLE 2.—GEOLOGIC FORMATIONS OF THE EAST ST. Louis AREA AND THEIR GROUNDWATER POSS IHTL IT I ES

Era

Ceno7.oic

Paleozoic

I
System

Quaternary

Pennsylvanian

Mississippian

Series

Pleistocene

Chester

Iowa

Group Formation

Recent alluvium

Glacial till, outwash, and loess

Meramec

Osage

Kinderhook

Ste. Genevieve
St. Louis

Salem

Warsaw

Keokuk-
Burlington
Fern Glen
Chouteau

Hannibal-
Grassy Creek

Average
thickness

0-100

10-170

100-400

0-200

0-150
200-250

50-100

40-140

200-270
45-100
10-30

5-50

Material

Sand, gravel, silt, and
clay
Pebbly clay, sand and
gravel, and silt
Shale, sandstone, lime-
stone, and coal

Sandstone, shale, and
limestone

Sandy oolitic limestone
Limestone and dolomite,
fine grained
Dolomite and granular
fossiliferous limestone
Shale and argillaceous
limestone
Cherty crinoidal
limestone
Shaly limestone
Slightly silty fine-grained
limestone
Dark shale

Groundwater possibilities
in East St. Louis area

Permeable sands and gravels are water-
yielding.

Some of the sandstones and limestones
have sufficient permeability to yield
water for domestic drilled wells.
Some of the sandstones, particularly in
lower part of the series (Aux Vases),
have moderate permeabilities and are
fair-to-good groundwater sources, if
close to outcrop area or not too deeply
buried.
Yield water from joints and solution
channels. Meramec limestones, particu-
larly St. Louis, are potential water
sources north of Alton, in St. Louis, and
in sinkhole region south of Stolle.

Keokuk-Burlington limestones are less
cavernous than St. Louis limestone and
therefore not as favorable as a ground-
water source except along Dupo arch
where limestone is close to surface.

Not water-yielding.

t-t-"
o>— ICo
Co

hi
dhiOt-iO

GOc;
hi



Devonian

> i lurinn

)rdovician

"nmbmn

Niagaran

Alexandrian

Cinc innat ian

Mohawkian

Chazy

Prair ie
du Chien

St. Croixnn

Bainbridge

~~-— _

Moccasin
Springs
St. Clair

Sexton Creek
Edgewood
Maquoketa

Kimmswick

Decorah
Plattin
Joachim
St. Peter

0-30

20-170

30-40

20-30
5-30

140-160

75-100

15-30
100-200
70-120

135 - 155

850±

1350±

Sandy limestone and
dolomite
Shaly red l imestone

Crystalline pink-
speckled l imestone
Cherty l imestone
Silty dolomite
Shale and shaly
limestone
Coarse-grained
crinoidal limestone
Limestone and shale
Tine-grained limestone
Silty dolomite
Clean sandstone,
poorly cemented
Dolomite and sandstone

Dolomite, sandstone,
and shale

Devonian-Silurian limestone may yield
water from jo ints and solution crevices,
but at depth encountered the water is
highly mineral ized.

Not water-yielding.

Kimmswick-Joachtm limestone nor well
jointed or cut by solution channels and
not considered a likely groundwater
source, even of highly mineralized
w;iter.

High permeability, but groundwater
highly mineralized.
Most of section is dense dolomite with
poor groundwater possibil it ies. Perme-
l izcd water .

a:o

t)
X3O

Anc ien t granit ic and other crystal l ine rocks referred to the Proterozoic and Archeozoic eras, called per-Cambrian rocks.
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from oil test wells, most of which are
drilled to the Kimmswick limestone, the
producing formation in the Dupo oil field.
Some wells have gone to the St. Peter sand-
stone ; only a few have gone deeper.

A sample-study log of one of the deeper
oil tests, drilled 2 miles southeast of Dupo,
follows.

Lockwood-Dyroff well 1—NW corner NEJ4 sec.
26, T. 1 N., R. 10 W., St. Clair Co. Drilled No-
vember 1929. Illinois Geological Survey sample-
study set 723, studied by F. E. Tipple. The pre-
St. Peter correlations are in part based on a study
of this well by John Grohekopf and Earl McCracken,
Missouri Geological Survey.

Depth
f<«

Pleistocene system
"Soil" . . . . . . . . . . 2 6

Mississippian system
Iowa series

Meramec group
St. Louis limestone

"Limestone, white, hard" . . 45
Limestone, slightly oolitic, finely

sandy, white, extra fine . . 50
"Limestone, white, hard" . 90
Limestone, finely sandy, light

brown, sublithographic; dolo-
mite, sandy, brown, very fine . 95

"Limestone, white, hard" . . 150
Dolomite, cherty, silty, light

gray, very fine . . . . . 1 5 5
"Limestone, white, hard" . . 165
Limestone, slightly sandy and

cherty, buff, very fine . . . 170
Dolomite, partly sandy and ar-

gillaceous, light brown, very
fine . . . . . . . . 1 8 0

"Limestone, white, brown" . 210
Limestone, partly oolitic, slight-

ly cherty, brown, very fine . . 215
Limestone, dolomitic, brown, ex-

t r a fine . . . . . . . 2 2 5
Limestone, dolomitic, cherty,

partly oolitic, white to light
brown, very fine. . . . . 2 3 5

Limestone, brown, sublitho-
graphic . . . . . . . 2 4 0

Limestone, partly oolitic, dolo-
mitic, white to brown, very
fine . . . . . . . . 2 6 5

Dolomite, slightly c h e r t y ,
brown, very fine. . . . . 2 7 3

Salem limestone
Limestone, dolomitic, oolitic,

slightly cherty, brown, very
fine . . . . . . . . 2 8 3

Limestone, brown, lithographic . 290
Limestone, dolomitic, oolitic,

light brown, very fine . . . 305
Limestone, oolitic, cherty, sl ight-

ly sandy, light brown, fine . . 325
Limestone, dolomitic, cherty,

brown, very fine. . . . . 3 3 5
Limestone, slightly sandy, mot-

tled gray and brown, medium . 345

Limestone, slightly sandy, light
brown, medium . . . . . 3 8 5

Limestone, slightly dolomitic,
gray, brown, mottled very fine 395

Limestone, slightly dolomitic
and sandy, gray, brown, me-
dium, conglomeratic . . . 410

Dolomite, gray, very fine. . . 415
Limestone, dolomitic, brownish,

gray, very fine to fine . . . 425
Osage group

Warsaw formation
Dolomite, slightly argillaceous,

brown, gray, little greenish,
very fine . . . . . . . 445

Dolomite, v e r y argillaceous,
cherty, gray, very fine; shale,
dolomitic, gray . . . . . 4 6 0

"Shale, blue, soft". . . . . 4 9 5
Dolomite and shale as above . . 500

Keokuk-Burlington limestones
Dolomite, extra cherty, light

gray, very fine, glauconitic. . 515
Dolomite, argillaceous, extra
cherty, gray, very fine, glau-
conitic . . . . . . . 5 3 0

Limestone, dolomitic, slightly
sandy, white, very fine, partly
glauconitic; c h e r t , white,
abundant, partly glauconitic . 676

Limestone, cherty, white, fine to
coarse, crinoidal . . . . 6 8 1

Fern Glen formation
Dolomite, very argillaceous,

green,grading toshale . . . 690
Limestone, cherty, light brown,
reddish, sublithographic . . 695

Limestone, cherty, white, fine to
coarse, crinoidal; shale, calcar-
eous, green . . . . . . 7 0 0

Limestone, cherty, white, green-
ish, very fine to fine, crinoidal;
shale, calcareous, green, red at
base . . . . . . . . 7 1 5

"Shale, blue, soft". . . . . 7 3 0
Limestone, argillaceous, slightly

cherty, white to red, very fine
to coarse, crinoidal; shale,
calcareous, red, green . . . 750

"Lime, red, soft" . . . . . 7 5 5
Kinderhook group

Chouteau limestone
"Lime, gray, hard" . . . . 7 7 0
Limestone, white, brownish, sub-

lithographic . . . . . . 7 8 5
Hannibal shale

Shale, dark gray to black, few
coarse sand grains at base . . 798

Silurian system
Dolomite, silty, slightly cherty,

white, little pinkish, very fine 825
Dolomite, cherty, light brown,

very fine . . . . . . . 8 3 0
Limestone, dolomitic, cherty,

white, very fine to medium. . 845
Dolomite, slightly cherty, light

brown, very fine. . . . 8 6 8
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Depth
feet

Ordovician system
Maquoketa formation

Shale, dolomitic, silty, green,
gray, very weak. . . . . 9 2 5

Shale, silty, dolomitic, dark
brown . . . . . . . 9 3 5

Siltstone, calcareous, l i g h t
brown; dolomite, argillaceous,
cherty, silty, gray, very fine . 950

Shale, calcareous, brownish gray;
and limestone, very argilla-
ceous, brownish gray; little
chert . . . . . . . . 10 15

Kimmswick limestone
Limestone, white to light brown,

very fine, little coarse . . . 1020
Limestone, white to light brown,

fine t o lithographic . . . . 1030
Limestone, white, buff, fine to

coarse. . . . . . . 1065
Limestone, cherty, white to light

brown, fine to coarse . . . 1 1 10
Dolomite, brown, very fine . . 1 1 1 3

Decorah formation
Limestone, dolomitic, argilla-

ceous, brown, very fine; little
shale, gray . . . . . . 1 1 30

Plattin limestone
Limestone, slightly cherty, light

brown, sublithographic. . . 1 140
Dolomite, slightly cherty, light

brown, very fine. . . . . 1 165
Dolomite as above; limestone,

partly cherty, white, brown-
ish, sublithoeraphic. . . . 1240

Limestone, slightly cherty, white
t o buff, very fine . . . . 1260

Limestone, slightly cherty, light
brown to w h i t e , sublitho-
graphic . . . . . . . 1285

Limestone, slightly cherty, light
brown to white, very fine;
little dolomite, dark brown,
very fine t o base . . . . 1325

Joachim dolomite
Dolomite, light grayish brown,

very fine; shale, dolomitic,
greenish gray . . . . . 1335

Dolomite, light gray to light
brown, very fine. . . . . 1385

Dolomite, white, buff, very fine,
becoming slightly argillaceous
a n d cherty a t base . . . . 14 10

"Lime, gray, soft". . . . . 1425
Shale, green, very weak; dolo-

mite, white, light brown, very
fine . . . . . . . . 1433

Dolomite, argillaceous, brown,
gray, greenish, very fine . . 1440

Dolomite, white to brownish,
very fine, finely sandy at base 1473

Shale, dolomitic, finely sandy,
gray . . . . . . . . 1478

Glenwood-St. Peter sandstone
Sandstone, white to red (iron

sta in) , fine to coarse, incoher-
ent, generally rounded and
frosted; little shale, sandy,
creen a t base . . . . . 1632

Cotter and Everton formations
Dolomite, cherty, white, very
fine, scattered sand grains,
iron stain . . . . . .

Sandstone, white, fine to coarse,
iron stain. . . . . . .

Dolomite, cherty, white, very
fine . . . . . . . ' .

Dolomite as above; little sand-
stone, dolomitic, m e d i u m ,
scattered sand grains . . .

Dolomite as above; little shale,
slightly dolomitic, gray . . .

Dolomite, cherty, buff, very fine;
sandstone, white, incoherent .

Dolomite, cherty, partly sandy,
white to buff, very fine . . .

Cotter formation
Dolomite, partly sandy, white to

gray, very fine . . . . .
Dolomite, cherty, slightly sandy,
light brown, very fine . . .

Dolomite, sandy, white to light
brown, very fine; chert,
banded, oolitic; little sand-
stone, calcareous, white, fine
t o coarse . . . . . . .

Upper Jefferson City formation
Dolomite, sandy, white, brown-

ish, very fine; chert, white;
sandstone, calcareous, white,
fine to coarse; shale, calcar-
eous, gray a t base . . .

Lower Jefferson City dolomite
Dolomite, slightly sandy, very

cherty, white, gray, light
brown, very fine; chert, blu-
ish, white, translucent . . .

Roubidoux formation
Dolomite, silty, sandy, gray,

buff, very fine; much chert,
white, opaque, partly sandy .

Sandstone, white, fine to me-
dium, subangular, incoherent;
dolomite, as above; little
bright green shale at base . .

Gasconade formation
Dolomite, white, fine to coarse,

scattered sand . . . . .
Dolomite, very cherty, white,

very fine to fine, scattered
sand . . . . . . . .

Dolomite, cherty, partly sandy,
white to light gray, very fine
t o fine . . . . . . .

Gunter formation
Dolomite, very sandy, cherty,

white, very fine to fine; sand-
stone, dolomitic, white, fine .

Cambrian system
Eminence dolomite

Dolomite, very cherty, white,
very fine to fine, scattered
sand . . . . . . . .

Shale, sandy, white, very weak,
sl ightly glauconitic . . .

Dolomite, cherty, partly sandy,
white to light brown, very
fine t o fine . . . . . .

21
Depth

1645
1650
1690

1705
17 10
1725
1780

1800
1850

1895

1985

2 155

2240

2285

2307

2450

2495

2530

2575
2580

2730
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Depth
feel

"Lime, gray, hard" . . . . 2740
"Sand,gray" . . . . . . 2764

Potosi dolomite
Dolomite, cherty, sandy, light

brown, very fine to fine with
some medium, pyritic . . . 2900

"Sand, white; oil". . . . . 2904
The log of the City Sanatorium well in

St. Louis (Broadhead, 1878 ) suggests that
the Potosi dolomite, encountered in the
lower part of Lockwood-Dyroff well 1,
may be underlain by at least 800 feet of
Cambrian beds, principally dolomite except
for shale beds of the Davis formation and
basal Lamotte sandstone.

In the eastern portion of the American
Bottoms, wells drilled into bedrock pene-
trate several hundred feet of shale, sand-
stone, and thin limestone beds of the Penn-
sylvanian system and the Chester series
(Mississippian) before reaching the mas-
sive Mississippian limestones that are near
the surface south of Stolle and north of
Alton. The sample-study log of a well \^/z
miles northeast of Horseshoe Lake illus-
trates the nature of these upper beds.

Kesl-Kusmanoff well 1—660 feet N line, 330
feet W line, SW^ SEH sec. 12, T. 3 N., R. 9 W.,
Madison Co. Drilled July 1947. Illinois Geologi-
cal Survey sample-study set 17 178 , studied by M. P.
Meyer and Heinz Lowenstam. Depths adjusted to
electric log and drilling time. Core study from
1 2 1 5 to 1227 and from 1641 to 1687 feet.

Pleistocene and Pennsylvanian
systems

N o samples . . . . .
Samples not studied .
Shale, g r a y , carbona-

ceous, micaceous, weak
Sandstone, argillaceous,

Rilty, gray, very fine to
fine, friable; interbed-
ded shale, sandy, gray,
carbonaceous

Mississippian system
Chester series

Paint Creek formation
Limestone, sandy (very

fine), buff, very oolitic,
medium to coarse, com-
pact . . . . . .

Limestone, partly argil-
laceous, buff, fine to
medium, cnnoidal .

Shale, calcareous, green,
weak . . . . . .

Thick-
ness
feet

165
35
30

Depth
feet

165
200
230

236

12

12

248

251
263

Limestone, argillaceous
at top, brown, medium
to coarse, fossilifcrous,
crinoidal . . . . .

Shale, calcareous, mottled
red and green, weak

Yankeetown siltstone
Siltstone, very cherty,

calcareous, white, com-
pact; little sandstone,
cherty, calcareous, very
fine a t t o p . . . .

Renault formation
Shale, slightly calcareous,

green and gray varie-
gated, weak . . . .

Limestone, sandy (fine),
glauconitic, light gray,
medium . . . . .

Sandstone, calcareous, ar-
gillaceous, green, very
fine, tight; snale, green,
gray to purple, weak .

Siltstone, greenish gray,
friable; s h a l e , silty,
mottled purple and
green a t t o p . . . .

Shale, silty, green, pur-
ple, weak; snale, red at
base . . . . . .

Sandstone, silty, light
gray to green, very fine
to fine, friable .

Shale, red and green vari-
egated, weak

Shale, silty and sandy,
calcareous, green, weak;
grading to sandstone,
argillaceous, silty, very
fine, green . . . .

Shale, as above; pyrite
Aux Vases sandstone

Sandstone, slightly calcar-
eous, silty, light gray,
very fine, friable

Sandstone, calcareous,
light gray, fine, friable .

Iowa series
Meramec group

St. Louis formation
Limestone, buff, partly

sandy, fine to oolitic to
lithographic . . . .

Samples not studied .
Limestone, very cherty,

buff, fine, oolitic.
Dolomite, very cherty,

buff, red speckled, ex-
tra fine . . . . r

Salem limestone
Limestone, brown, gray

speckled, medium, fos-
siliferous . . . . .

Limestone, dolomitic,
grayish brown, fine to
medium, fossiliferous,
oolitic (Endoihyra) .

Thick-
ness
feet

10

10

13
9

15
10

5
16

14
295

10

50

Depth
fee,

273
281

287

290

293

300

310

3 18

331
340

355
365

370
386

400
695
705

7 5 5

760

1 5
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Limestone, dolomitic,
gray, black specked,
extra fine, medium .

Limestone, grayish brown,
medium to coarse, fos-
sil iferous . . . . .

Osage group
Warsaw formation

Dolomite, silty, slightly
glauconitic, gray, ex-
tra fine; quartz .

Limestone, dolomitic, si l-
ty, sl ightly glauconit ic ,
gray, ex t ra fine; quartz

Shale, very dolomitic, cal-
careous, silty, gray,
br i tt le ; quart?.

Limestone, argi l laceous,
s i l ty , gray, fine; quart?

Keokuk-Burl ington
l imestone

Limestone, glauconitic,
cherty, buff, coarse .

Limestone, very cherty,
glauconitic, light buff,
medium to coarse .

Samples not studied .
Limestone, very cherty,

whi te ,med ium tocoarse
Kern Glen limestone

Limestone, dolomitic, sil-
ty, cherty, light gray to
green,extra fine .

Limestone, cherty, argil-
laceous, silt)', green,
sublithographic .

Limestone, as above;
grading to little shale,
calcareous, mottled red
a n d green . . . .

Kinderhook group
Chouteau limestone

Limestone, white to light
huff, lithographic

Limestone, red, subhtho-
graphic . . .

Limestone, l ight green,
sublithographic

Hannibal-Grassy Creek
shale

Shale, black, weak .
Shale, silty, gray, weak
Shale, brown, toueh, spo-

rangites; ' H a r d 1 n
sand" 1 inch at base,
argi l laceous, c o a r s e ,
fine, pvrit ic at base .

Silur ian system
Niagaran series

Dolomite, argil laceous,
silty, l ight gray, pvritic

Limestone, dolomit ic, ar-
gil laceous, g r a y t o
greenish gray , fine,
some red shale part-
ings . . . .

Shale , ca l careous , green-
ish gray; few l imestone
streaks, as above

Thick-
ness Depth
}ict feet

20 795

16 8 1 1

14 825

5 830

27 857
31 888

14 902

23 925125 1050
1 5 1065

30 1095

30 1 1 2 5

27 1 1 5 2

2! 1 173
6 1 1 7 9
5

26 1 2 1 0
5 1 2 1 5

4 1 2 1 9

37 1256

22 1 2 7 8

7 1 2 8 5

Limestone, dolomitic, ar-
gillaceous, g r e e n i s h
gray, fine, with pink
and red silty shale part-
ings . . . . . .

Limestone, si lty, arg i l l a-
ceous, red, fine, s ca t-
ered coarse cr inoida!
fragments . . .

t Shale, calcareous, red,
br i t t le . . .

Limestone, dolomit ic , ar-
gil laceous, s i l ty, red,
cnnoidal . . . . .

Limestone, white to buff,
fine to medium, with
red cr ino ida] ; streaks
s i l t s tone, argi l laceous,
r e d . . . . . .

Limestone, as above, dol-
omit ic, less crinoidal

Alexandrian series
Kankakee formation

Dolomite, s l ightly cal-
careous, buff, l ight
brown, fine . . . .

Limestone, sl ightly glau-
conitic, white to l ight
gray, medium crysta l-
line, pvritic, very cherty
from 1435 to 1452 feet .

Edgewood dolomite
Dolomite, calcareous,

l ight brown, fine, suc-
rose . . . .

Ordovician system
Maquoketa shale

Shale, light greenish gray,
weak; streaks s i l t s tone
to sandstone, very fine,
friable . . . ' . .

Samples not studied .
Shale , silty, green, brown

speckled, weak .
Shale , s i l ty, calcareous,

green, grayish brown,
weak . . . .

Kimmswick l imestone
Limestone, buff, red

speckled, medium
Limestone, buff, medium

to coarse , fossi l iferous,
compact, brown and
gray shale part ings .

Thick-
ness Dfpl/i
feet feel

20 1305

14 13 19
6 1325

27 1352

48 1400
6 1406

15 1421

3 1 1 4 5 2

20 1472

28 1500
95 1 5 9 5
26 1 6 2 1

1 1 1632

9 1 6 4 1

46 1 6 8 7
Plate 4 shows representat ive graphic lofjs

from several deep wells in the Amer i can
Bottoms.

GROUND-WATER IN THE BEDROCK
FORMATION'S

No groundvvater suppl ies are hein^ w i i l i
drawn from bedrock format i on s in i In-
American Bottoms, mainly beca i iM- :n l r
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quate water supplies of suitable quality are
available in the shallower valley-fill mate-
rial. Groundwater is obtained in St. Louis
from wells drilled into upper Mississippian
limestones, although the municipal water
supply of St. Louis and the major cities of
the American Bottoms is obtained from the
Mississippi River.

On the eastern upland bordering the
valley, water is obtained from sandstone^of
the Chester series, from sandstones and
fractured limestones of the Pennsylvanian
system, and from Mississippian limestones.
Belleville formerly obtained its water sup-
ply from wells drilled 500 to 600 feet deep,
into Chester sandstones, but now obtains
its supply from East St. Louis.

Beneath the uplands from East Alton to
Belleville, Pennsylvanian and Chester
sandstones are potential sources of water.
Because of their thinness and low permea-
bility, Pennsylvanian sandstones are rarely
suitable for other than domestic wells.
Mississippian limestones yield groundwater
from solution channels and joints. They
are potential sources of groundwater mainly
between Prairie du Pont Creek and the
Mississippi River in the southern part of
the area and north and west of Alton in the
northern part of the area.

Water obtained from bedrock com-
monly is too highly mineralized to be ac-
ceptable for domestic or industrial use, par-
ticularly at depths greater than 370 to 420
feet below ground level on the flood plain
and 515 feet below ground level on the up-
lands (Bowman and Reeds, 1907, p. 56) .
In general, mineralization increases with
formation depth. Analyses of water from
bedrock formations in St. Louis County,
Mo., show from 4,415 to 1 1 ,0 10 .6 ppm
total dissolved solids from pre-St. Peter
formations and more than 1,000 ppm from
the St. Peter at depths below 800 feet
(Gleason, 1935 ) . Because the beds dip to
the northeast, a given formation generally
yields progressively more highly mineralized
water in that direction.

The.general movement of groundwater
is to the northeast , in the general direction
of the regional dip of the bedrock forma-
tions. Minor structures, as at Dupo, may

modify the direction of this movement. The
dip of permeable rocks that crop out
around the Ozark highlands and the pres-
ence of interbedded relatively impermeable
shales produce artesian conditions. In the
St. Louis-East St. Louis area, the St. Peter
sandstone yields water under artesian pres-
sure, although the pressure is insufficient to
produce a flowing well. Artesian wells of
low yield also have been reported from
other formations in the area.

GEOLOGY AND WATER-BEARING
PROPERTIES OF THE VALLEY

FILL
BEDROCK VALLEY

As shown in the bedrock surface map
(fig. 2) and cross sections (fig. 4 and plate
4), the present Mississippi River Valley
occupies a deep bedrock valley that has
been partially filled by aggrading processes
of the river. In much of the area, the bed-
rock valley floor lies 100 feet or more be-
neath the bottom of the present valley; in
at least one place its depth is over 170 feet
(see fig. 3 for thickness of valley fill above
the bedrock). Available data indicate that
the bedrock valley has steep walls along the
present bluff line but that the valley bottom
slopes gently toward the middle. In the
vicinity of Dupo, the valley narrows as the
river crosses resistant Mississippian lime-
stones. Between Dupo and Alton, soft
Pennsylvanian sandstone and shale beds
form the eastern wall of the bedrock valley
The limestone at Dupo may have resisted
downcutting by the river and thus pro-
moted upstream lateral cutting of the Penn-
sylvanian strata, causing widening of the
valley in the middle of the area. Valley
widening probably has been aided further
by the coincidental location of the weaker
beds outside a major bend in the river. The
elevation of the bottom of the bedrock val-
ley averages about 310 feet.. The bedrock
upland bordering the valley on the east
ranges in elevation from about 500 feet
east of Horseshoe Lake to over 600 feet
east of Dupo.

Several types of data suggest that an
inner channel, shown within the 280-foot
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contour lines in figure 2, has been cut at
least 20 feet below the average level of the
bedrock valley floor.

The log of a test well at Roxana (loca-
tion A- 10) shows 171 feet of valley fill,
with bedrock not yet reached. The eleva-
tion of bedrock here must be less than 281
feet above sea level. Although there is abun-
dant information from wells in the vicinity
of the test hole, reliability of the data con-
cerning depth to bedrock is uncertain. It
is likely, however, that bedrock elevation at
this location is at least 20 feet below that
found in the adjacent area. An oil well be-
tween Dupo and East Carondelet pene-
trated 122 feet of valley fill before reaching
bedrock. The bedrock elevation here is 280
feet above sea level, approximately 20 feet
lower than in nearby wells. In excavating
for the east abutment of Eads Bridge, which
connects East St. Louis with St. Louis,
bedrock was encountered at 284 feet above
sea level. This, too, is approximately 20
feet below the general elevation of the bed-
rock valley floor.

Another indication of the channel has re-
sulted from seismic work in the area. At
several locations in the middle of the valley,
bedrock elevations were calculated to be
substantially below the elevation of the ad-
jacent bedrock valley floor. Seismic data
give elevations for the middle channel that
range from 235 feet near the southern bor-
der of the area to 260 feet just west of
Wood River. It is believed that the indi-
cated 235-foot elevation is too low (possi-
bly by 25 feet) and that the channel floor
in this part of the valley is closer to 260 feet
above sea level. The basis for this estimate
is a Corps of Engineers line of test holes
across the Mississippi River four miles to
the south, in Monroe County, where the
elevation of the channel floor is 256.75 feet.
Other seismic stations, apparently over the
channel, give elevations of 273, 280, 266,
and 263 feet. The linear arrangement of
these low elevations and the generally good
agreement between seismic results and
known elevations tend to confirm the exist-
ence of a channel cut below an elevation of
280 feet as far north as Wood River. It is

also possible that the channel, at least in
the southern part of the area, has an eleva-
tion as low as 260 feet. Additional infor-
mation must be obtained before the exact
position and maximum depths of this chan-
nel can be determined. On the basis of bed-
rock elevations given for the Illinois and
Upper Mississippi valleys by Horberg
( 1 9 5 0 ) , the 280-foot contour line is car-
ried north of Wood River in the bedrock
surface map (fig. 2).

Three wells more or less in a line from
Monks Mound northeastward also give
bedrock elevations somewhat below adja-
cent areas. These wells record bedrock at
an elevation below 290 feet and suggest the
presence of a channel—possibly a tributary
of the main channel—that swings close to
the bluffs north of Caseyville.

In the reach of the Mississippi River
known as "Chain-of-Rocks," west of Gran-
ite City, the present channel crosses a
gently sloping bedrock bench. Along this
part of the channel, from approximately a
mile north of Merchant's Bridge to a mile
north of Chain-of-Rocks Bridge, the river
flows partly on bedrock. The shallowness
of the water here interferes with river ship-
ping and has led to the construction of
Chain-of-Rocks Canal, which serves as a
bypass.

Bedrock in the Chain-of-Rocks area is 20
to 80 feet higher than in the remainder of
the valley ; as a result, the valley fill is thin-
ner by the same amount (fig. 3). As the
river is actively eroding the bedrock here,
this portion of the bedrock valley is un-
doubtedly younger than the deeper valley
to the east.

The bedrock tributary valleys shown in
figure 2 coincide with the present stream
valleys. There is, however, a discordance
between the bedrock valley and the present
Wood River channel between East Alton
and Alton where the river enters the Amer-
ican Bottoms. Here the river follows the
western side of a mile-wide valley and flows
across a spur of Mississippian limestone at
an elevation of about 420 feet ; half a mile
to the east, the bedrock valley is 100 feet
deeper and contains about 110 feet of fill.
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FIG. 1.—Bedrock, surface map of the East St. Louis area, 1 1 1 .
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l:ic. 3.—Thickness of the vnlley fill in the East St. l.ouh nrea , 1 1 1 .
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D1

FIG. 4.—Cross sections of the valley fill in the East St. Louis area, III.
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VALLEY FILL

The valley fill of the American Bottoms
is composed of Recent alluvium and glacial
valley-train material derived from the drain-
age areas of the upper Mississippi and Mis-
souri rivers. Thickness and cross sections of
the valley fill are shown in figures 3 and 4.

Valley-train material is found at the sur-
face in the valley only in terraces in the vi-
cinity of Roxana and Wood River. This
material is distinctive in composition and
texture (see below). Similar material has
been found at depth in a few wells near
the terrace, separated from overlying Re-
cent alluvium by a rather marked litho-
logic break. In most of the area, valley-
train material is buried beneath the Recent
alluvium.

In most of the American Bottoms, differ-
entiation of valley-train and other alluvial
deposits, on the basis of mineralogical and
textural characteristics or on lithologic
breaks, is not possible. South of the Mis-
souri River mouth, the valley fill contains
no apparent discontinuity; valley-train ma-
terial in this area is apparently mixed with
older Missouri River alluvium. These de-
posits, in addition, have been reworked to
varying depths by Recent river scour-and-
fill.

GLACIAL VALLEY-TRAIN DEPOSITS
In the Roxana-Hartford area there is a

mineralogical difference between the valley-
train and Recent alluvial deposits, but
south of the Missouri River mouth the val-
ley fill cannot be separated into glacial
outwash and alluvial deposits. The sands
of the Roxana—Wood River terrace and
those in the lower portion of the valley fill
at Hartford average 75 to 80 percent
quartz, 8 to 15 percent potash feldspar, 5
to 10 percent plagioclase feldspar, and 2 to
6 percent other material. Over 85 percent
of the quartz grains are clear and untinted,
and the majority are subrounded to rounded.
About 10 percent of the quartz grains are
pink. Many have flecks of reddish stain in
tiny pits on their surfaces. Washing the
sand in di lute hydrochloric acid virtually
el iminates the pink color of the quartz
gra ins . However, owing to the large pro-

portion of potash feldspar and pink-tinted
quartz grains, dry valley-train sands com-
monly look pink.

The valley-train deposits underlying the
terrace at Roxana are texturally quite dis-
tinctive. The bulk of the material below
shallow depths consists of well-sorted me-
dium-to-coarse sand; median diameters
range from .01 inch ( .25 mm) to .03 inch
( .76 mm) . The small amount of gravel
present is of granule size (between 4 and 9
mesh).

The sample study of a well at Roxana
i l lustrates the nature of the valley-train
material underlying the terrace.
Illinois State Geological Survey test hole 3 (1954)

—Roxana Water Works, SEJ4 NEJi SEJi SE^
sec. 27, T. 5 N., R. 9 W., Madison Co. Samples
studied by R. E. Bergstrom. Est. elev. 445 feet.

Thick-
ness Depth
feel feet

Pleistocene series
Wisconsin or older Pleistocene

Clay and silt, yellowish brown,
noncalcareous . . . . 1 0 1 0

Silt and clay, with fine sand,
yellowish brown, lumps of
pink clay, slightly calcareous 5 15

Sand, fine, dirty, dark reddish
brown, calcareous, pink-
stained quartz grains. . . 15 30

N o samples . . . . . . 5 3 5
Sand, medium, light reddish

brown, calcareous, sub-
rounded grains, rhyolite
porphyry, feldspar, gray-
wacke, milky chert . . . 1 5 5 0

Sand, medium to coarse, as
above . . . . . . . 2 0 7 0

Sand, fine to very coarse, light
brown, dirty, gray silt, coal,
mica . . . . . . . 2 0 9 0

Sand, medium to coarse, light
reddish brown, subrounded
to subangular grains, abun-
dant feldspar, reddish silt-
stone and rhyolite porphyry 15 105

Sand, coarse to medium, as
above . . . . . . . 1 0 1 1 5

Sand, very coarse, as above . 5 120
Sand, very coarse, with gran-

ule gravel, subangular to
angular grains, chert, red-
dish siltstone, granite, gray-
wacke . . . . . . . 5 1 2 7

Pennsylvanian system
Shale, gray and brown . . . 9V^ 136H

Textural uniformity, which character-
izes the deposits of the terrace, does not ap-
pear to be a general feature of the valley-
train material. Wells near the terrace but
on lower levels in the Hartford-Wood
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River area pass through deposits that resem-
ble the valley train mineralogically but
range from medium sand to pebble gravel.
These deposits occur in the lower 20 to 40
feet of the valley fill; in a few wells there
is a rather sharp break in composition be-
tween them and the overlying alluvium.

The sample study from a well drilled at
the Sinclair refinery at Hartford, one mile
west of the Wood River terrace, i l lustrates
the nature of the valley-train material be-
neath Recent alluvium and the lithologic
break that separates them.

Sinclair Oil Company well 2 (1952)— 150 feet N,
1750 feet E of SW corner sec. 34, T. 5 N., R. 9 W.,
Madison Co. Samples studied by R. E. Eergstrom.
Est . elev. 431 feet.

Thick-
nesi Depth
feet feet

Pleistocene series
Recent alluvium

N o samples . . . . . . 3 5 3 5
Sand, very fine, well sorted,

olive gray, mollusk shell
fragments, abundant mica,
coal, wood. . . . . . 3 5 7 0

Silt and clay, with fine sand
and small gravel, pebbles to
% inch, mollusk shell frag-
ments, calcareous . . . 5 7 5

Wisconsin or older Pleistocene
Sand, medium to coarse, yel-
lowish brown, dry sample
has pinkish cast, grains sub-
rounded to rounded, slight-
l y calcareous . . . . . 4 0 1 1 5

Sand and pebble gravel , peb-
bles to \y<i inches in diam-
eter, abundant chert, lime-
stone, graywacke, rhyolite . 7J^

At the Shell Oil Company loading dock,
a mile west of the above location, the lower
part of the river fill is also interpreted as
glacial valley train. A sample of wood from
this material was obtained from a Shell Oil
Co. collector well (fig. 5). It is dated as
"older than 24,000 years" by the carbon 14
method, which tends to corroborate the val-
ley-train interpretat ion (Libby, 1954 ) .

South of the Missouri River mouth, val-
ley-train and other alluvial deposits cannot
be different iated. Wells here penetrate,
from top to bottom, 10 to 30 feet of sur-
ficial silt and clay, si lty sand and gravel ,
and cleaner sand and gravel. At many
places coarse bands, generally at depths
greater than 75 feet, contain substantial de-
posits of granule and pebble gravel. Well

samples from these zones have numerous
pebbles ranging up to 11/2 inches in diam-
eter. Some larger pebbles and even large
boulders are reported from the lower depths.
Median diameters of the water-yielding
deposits below the surficial silt and clay
range from .008 inch ( .22 mm; fine sand)
to .08 inch (2 .2 mm; granule gravel) in
sieved well samples. It is likely that the
larger size does not represent the median
diameter of the coarsest deposits in the
American Bottoms.

Although logs and samples of most wells
south of the Missouri River mouth show a
general coarsening with depth and give lit-
tle evidence of a break within the valley
fill, it seems reasonable to refer some of the
deeper and coarser sand and gravel to gla-
cial origin and the upper material to Recent
alluviation. The evidence for this interpre-
tation is: 1) the presence of glacial valley-
train material beneath the Wood River ter-
race and at lower depths at Hartford, as
indicated by distinctive composition and car-
bon 14 dating; 2) studies of present Mis-
sissippi River erosion and sedimentation,
which show scour up to 80 feet along the
present channel but general transportation
of mainly fine material; and 3) the pres-
ence of extensive deposits containing pebble
gravel and boulders, indicative of high ve-
locities and large volumes of water, 100 feet
and more beneath the present flood plain.

The coarse deeper deposits are shown by
the sample study of a well between Dupo
and East Carondelet, in the southern part of
the area. In this well the driller reported a
thickness of 20 feet of sand, gravel, and
boulders below a depth of 75 feet and, be-
low this material, 171/2 feet of sand, gravel,
and broken rock.

Il l inois Geological Survey test hole 2 (1954)—
Lutton farm; 4300 feet S of 80° 32' 30" N, 5200 feet
E of 90° 15' W, Cahokia Quadrangle, St. Clair Co.
Studied by R. E. Bergstrom. Est. elev. 405 feet.

Thick-
ness Depth
feet feet

Pleistocene series
Recent and older al luvium

Silt and clay, dark brownish
gray . . . . . . . 5 5

Silt and clay, with fine sand,
dark brownish gray, calcar-
eous, mica . . . . 1 0 1 5
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FIG. S.—Shell Oil Co. high-capacity well at Hartford, III. Mississippi River in the background.

Sand, fine to medium, dirty,
dark olive-gray, mica, wood
fragments, coal, tiny cal-
careous spicules, shell frag-
ments . . . . . . .

Sand, coarse to very coarse,
with granule gravel, abun-
dant feldspar, granite, gray-
wacke, chert, and dolomite
granules . . . . . .

Gravel, granule size, with
coarse to very coarse sand,
quartz, granite, chert, dolo-
mite granules (driller re-
ports boulders) . . . .

Thick-
ness Depth

Thick-

30

30

20

45

75

95

Gravel, granule size with
broken limestone rock, chert
(pebble count of 50 pebbles
—15 graywacke and fine-
grained basic igneous rock;
12 chert, brown, reddish,
and cream-co lored ; 11
quartz; 3 feldspar; 4 lime-
stone; 4 granite; 1 dolo-
mite); broken rock consists
of sharp angular limestone,
granite, rhyolite porphyry,
a n d chert . . . . . .

Broken rock (limestone rub-
ble above solid bedrock?)
and granule gravel

Depth
Jetl

10 105
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The lack of a diagnost ic composit ion in
the val ley-train material in the southern
port ion of the American Bottoms may be a
result of mixing sediments from the Upper
Mississippi Valley with those brought in
from the Missouri River drainage basin.

OTHER Al . l .UVIAL DEPOSITS
Samples of Recent alluvial deposits, ob-

tained from wells at shallow depths close
to the present river channel, differ from the
va l l ey-tra in deposits m the Hartford-Wood
River area. The sands average 65 to 75 per-
cent quartz , 10 to 13 percent potash feld-
spar, 12 to 15 percent plagioclase feldspar,
and 4 to 7 percent other materials. The
quartz grains are dominant ly clear, un-
tmted and unsta ined, and subangular to
subrounded . The sand samples commonly
look gray, in contrast to the valley-train
sands, which look pink.

The grains classified above as "other ma-
ter ia ls" are chert , l imestone, jasper, shale,
coal, graywacke, and heavy minerals . The
alluvial deposits, like the valley-train de-
posits, are only slightly calcareous, averag-
ing 3 to 4 percent soluble material by
weight.

\ fur the r charac ter i s t i c of the al luvium
at Hartford and the upper portion of the
valley fill :':i the area in general is the pres-
ence c.f ;-bi indant flakes of mica of the phlog-
opite and biotite var ie t i e s , scattered frag-
ments of pearly mollusk shel ls , t iny rod-l ike
calcium carbonate spicules, and abundant
coal fragments.

1 he Recent alluvium ranges in texture
from clay to granule grave l . The upper 15
to 30 feet is commonly si lt and clay with
some fine sand . Below th is depth the de-
posits are highly variable, cons i s t ing of
clean to dirty sand and gravel. These de-
posits are under la in in most of the area by
coarser sands and grave l s . Carbon 14 da t-
ing of wood obta ined from this lower ma-
ter ia l indicates that in part at least it is
older than Recent . Its exact origin is un-
certa in . It may be older al luvial , \ a l l e \ -
t rnm. or reworked v a l l e j - t r a i n mater i a l .
The ve r t i c a l var ia t i on s in t ex tu r e contras t
with depos i t s of the Roxana—A\ ood River
terrace .

1 he sample study from a well at Gran i te
City is typical of many wells on the Amer i-
can Bottoms. It i l lustrates the occurrence
of the upper silt and clay zone, interhedded
sand and gravel deposits below the upper
t ine-grained beds, the coarser material in
the lower part , and the lack of a conspicu-
ous break in lithology.

Union Starch and Refining Company ( 1952 i —
950 feet S of 38° 42' 30' N". 2350 feet E of '»0C

10' W, T. 3 X , R. 10 W., Madison Co. Il l inois
Geological Suney sample set 2340( > . Studied In
R. E. Hergstrom. Est. e l ev . 422 feet.

Thick-
nes! Depth
feet fen

I'leistocenu series
Recent ;md older al luvium

Soil, clay, and s i l t , dark gray . 10 10
Sand, fine to coars-.\ subangu-

lar crams, abundant feld-
.s p a r, t i n y calcareous
spicules, coal . . . . . 3 0 4 0

Sand, medium, \vith granule
gravel, as above, mollusk
shel l fragments . . . . 1 0 5 0

Sand, fine, with granule
gravel , poor sorting, ca l-
careous spicules, abundant
dark gra ins of igneous rocks,
terromagnesium minerals,
a n d coaf . . . . . . 1 0 6 0

CJr a v e l , granu l e .si?.e, w i th
coarse sand, granules main-
ly itzneous rocks and feld-
spar . . . . . . . 1 0 " 0

N o samples . . . . . . 1 0 8 0
Sand, medium to fine, calcar-

eous spicules, subanuu lar
gra ins , coal . . . " . . 1 0 W

N ' o samples . . . . . . 5 9 5
Sand, very coarse to coar>c,

with granule grave l , pink-
i sh ca s t , abundan t pink-
s ta i ned qua r t? gra i n s , sub-
angular to subrounded
grams . . . . . . . 1 5 M O

Sand, medium, well sorted,
p ink , subrounded to suban-
gular grams , abundant pink
feldspar . . . . . 5 1 1 5

In figure 6. four mechanical analyses
plotted as cumu la t i v e frequency curves
i l l u s t rate the cons istencv of the va l l ey- t ra i n
depo s i t s of the Roxana—\\ood River terrace
compared with deposits of other parts of the
American Bottoms. The good sorting of
the terrace deposits is indicated in the upper
t\vo curve s by the ir s teepness . 1 he cons i s t-
ency of the t ex ture s with depth is shown In
the close spacing of the curves repre sen t i ng
different depths. The lower curve s , of sam-
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DIAMETER N MILLIMETERS
I \/Z 1/4 1/8 1/16

DIAMETER IN MILLIMETERS
1/2 1/4

FIG. 6.—Cumulative frequency curves showing mechanical composition of well samples. Wells F-4 and
F-2 (top, above and right) are located on terrace at Roxana and Wood River. Wells F-6 and F-9 are on flood
plain at Granite City and Monsanto, respectively. Figures beside curves are depths of sample in well. Note
good sorting (shown by steepness of curve) and similarity of textures at different depths in well (shown by

close grouping of curves) of wells F-4 and F-2 on terrace.
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pies from wells at Monsanto and Granite
City, indicate poorer sorting, greater varia-
tion in texture with depth, and occurrence
of fairly coarse deposits in the lower part
of the valley fill.

The results of mechanical analyses of
well samples (appendix 2) must be accepted
with caution. The valley-fill material is
highly variable throughout, so a small sam-
ple is at best characteristic only of the sedi-
ment in its immediate vicinity. In addition,
these are not undisturbed samples. Some
have been collected from wells drilled with
cable tool rigs, some from wells drilled with
rigs of the reverse rotary type, and others
from wells dug with a clam-shell type dig-
ger. Most of the samples were collected by
the driller or an assistant, so the conditions
of collecting are not known. The evidence
that these analyses present, therefore, is only
suggestive.

DISTRIBUTION OF VALLEY-TRAIN AND
OTHER ALLUVIAL DEPOSITS

Alluvium of Recent age probably com-
prises the major portion of the valley fill,
although its thickness varies considerably.
Beneath the terrace it is absent and valley-
train material is at the surface, whereas in
some areas of shallower bedrock, as in the
vicinity of Chain-of-Rocks, Recent alluvium
extends to bedrock.

In general, the thickness of Recent allu-
vium is a measure of the scouring effect of
the river since the latest Pleistocene glacia-
tion. Deep scouring occurs in the spring
when there are floods and in the winter
when thick ice jams cause the river to deepen
its channel in order to pass beneath the ice.
Soundings taken through the river ice prior
to the construct ion of Eads Bridge indicate
that at least 80 feet of channel deepening
( s c ou r ) takes place (Woodward, 1 8 8 1 , p.
5). The effect of this scour (in combina-
tion with channel migration) has been to
produce an upper blanket of Recent allu-
vium rest ing on older deposits, some of
them glacial val ley-train. The Recent allu-
vium coarsens with depth as a result of
successive periods of scour and deposition,
the largest particles settl ing out first. Coars-
ening is also general in the older material,

below the Recent alluvium. The uppermost
portion of the alluvium contains only fine-
grained material; its thickness is further
increased at the surface by deposition of silt
and clay from floodwaters that cover the
area after the channel has migrated to a
new position. The cross sections (fig. 4)
and cumulative frequency curves (fig. 6)
illustrate the increase in grain size from the
surface down.

The deposits of the Roxana-Wood River
terrace and those in the area just south of
Alton are exceptions to the general textural
pattern of the fill. Several wells just south
of Alton (wells A-3 and A-4, fig. 4) pene-
trate sections of "clay," "clay and silt,"
and "clay and gravel" at the bottom of the
valley fill. The maximum thickness of the
material is 25 feet. These deposits may be
lllinoian or older. No samples of the lower
material could be obtained for study, so the
origin of the material is uncertain.

WATER-YIELDING CHARACTERISTICS
The valley-train material underlying the

terrace at Roxana and Wood River is well-
sorted medium-to-coarse sand throughout
most of its thickness, whereas the complex
alluvial deposits in other parts of the Ameri-
can Bottoms generally show poor sorting in
the upper part and an increase in coarseness
with depth. Permeabilities in these deposits
are therefore greatest in the deeper parts,
especially where clean coarse sand and
gravel occur. The sand and gravel, 20 to
50 feet thick at many places, appear to be
the most permeable of any deposits in the
area, surpassing the finer material of the
terrace . From the standpoint of actual
well yield, however, the terrace deposits
may be as favorable an aquifer as the coarser
sand and gravel—despite lesser permeabi l-
ity— because they are considerably thicker,
averaging more than 80 feet.

Evaluation of pumping tests in progress
in the American Bottoms, by the State
Water Survey will yield quantitative data
on permeabi l it ies and transmissibi l it ies of
the deep coarse sand and gravel and the
Roxana-Wood River terrace deposits .

The valley fill in some areas, however,
such as north of Horseshoe Lake, is com-
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posed of fine-to-medium sand and silt
throughout most of its thickness and has
poor groundwatcr poss ib i l i t ies . 1 hus the
vallev-fi l l depos its , except for those on the
terrace , are cha ra c t e r i z ed not onlv by exce l -
lent groundwater supply potent ia l i t ies hut
by inconsistency. The terrace material, on
the other hand, probably is somewhat less
permeab l e but if a thicker and more con-
sistent aquifer, although somewhat re-
str icted in lateral extent .

Some dri l lers in the area drill to bit re-
fusal and then set screen in the lower 10 to
40 feet of the sect ion. However, pood
water-yielding beds, in Recent alluvium as
well as in glacial outwash, are not every-
where restr i c ted to the lower part of the
section. In many instances shallower de-
pos i t s , which might increase the yield of the
completed well, are cased off. In the dril l-
ing of new wells it is recommended that,
where maximum yield and specific capacity
arc des ired, sett ing screen opposite the shal-
low permeable deposits as well as opposite
the deep permeable deposits be cons idered.

GROUNDWATER RECHARGE
The principal means of recharge of

ground water in the valley fill are seepage
from ra infa l l and floods, and percolat ion
from the Mississippi River and its tribu-
tar ie s . Rainfa l l is probably the most im-
portant source for the area as a whole, al-
though where heavy pumpage is concen-
trated near the r iver the recharge from the
river itself is undoubtedly great . The ef-
fect iveness of recharge from both rainfal l
and floodwnters is signif icantly influenced
by the nature of the material in the upper
port ion of the valley fill, which throughout
most of the area is 10 to 30 feet of silt and
clay. This fine-grained material is usually
not so impermeab le as to prevent apprec ia-
ble recharge . There is very little runoff be-
cause of the low re l i e f ; hence most of the
ra infa l l e i t he r evaporates or seeps into the
soil. Recharge from floodwaters is un-
doub t ed l y much less at present than it has
been in the past because of the extens ive
flood-control program, which is continually
being expanded . Where floods do occur
they probably result in appreciable recharge.

The recharge from tr ibutary streams that
cross the valley flat is probably seasonal for
the most part. As the gradient of the
streams is very low, the normally slow-
mov i n e wa t e r can c a r r v un 'v the f i n e s ! ma-
ter ia l . The bottoms of the channels prob-
ably are covered with a relatively thick de-
pos it of mud, \vhich permits only very slow
movement of water into the mater i a l below.
After periods of prolonged rams in the up-
land watershed areas, the streams rise, the i r
velocities are greatly increased, and thev
probably scour the ir channels suffic iently to
remove the impermeable mud, which tem-
porarily permits more rapid recharge. Un-
der natura l condit ions the streams would
be sub ject to cons iderable per iodic f looding,
but man-made changes have prevented most
of the floods. Courses have been s t ra i gh t -
ened, channels deepened and widened, and
levees constructed. As a result, the tr ibu-
tary streams are not now as large a source
of recharge as they once were.

The Miss iss ippi River is an important
source of recharge where heavy pumpage
has lowered the water table below the level
o f the r iver (Bru i n and Smi th , 1 9 5 3 ) .
Lowering the water table causes the de-
velopment of hydraul ic grad ient away from
the r iver and toward the area of pumpage.
During high-water stages the hydraulic
grad i en t is increased, which in turn in-
creases the effectiveness of recharge.

Although many areas of the river channel
arc normal ly floored with s i l t , which l imits
water inf i l t rat ion , permeable sandy arens
arc probably present in the channel . Ob-
s e rva t i on s on the Mississ ippi i nd i ca te that
even in comparatively straight reaches, the
thread of the stream moves from one s ide
of the channel to the other , produc ing
shoals and deeps and accompanying differ-
ences in bottom depos i ts . Therefore even
under ord inary condit ions some ground-
water recharge from the r iver is l ike lv .
Dur ing high-water stages , when the r i v e r
scours its channel , recharge condit ions arc
improved .

The only area of notably unfavorab l e
condit ions for recharge is west of Granite
City where the bedrock lies at a shal low
depth and the coarse depos i ts general ly
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found in the lower part of the fill are either
very thin or missing (fig. 4, B-B') .

LOCAL GROUND-WATER CONDITIONS
IN THE AMERICAN BOTTOMS

The occurrence of thick clean deposits
of deep sand and gravel over wide areas in
the American Bottoms has been partly re-
sponsible for the heavy industrial develop-
ment of the area. Over 100 million gallons
of groundwater a day is consumed by indus-
tries. Monsanto, Granite City, and Wood
River-Roxana-Hartford are the major
pumpage centers (Bruin and Smith, 1953 ) .
Major cones of depression have been pro-
duced by heavy pumpage in these areas.

Despite the present heavy industrial
groundwater consumption, it is likely that
much more groundwater could be available
if industrial expansion takes place in favor-
able but unexploited areas, particularly near
the river where recharge might be induced.

Although the variability of the valley fill
and deficiency of well data in many parts
of the American Bottoms make it imprac-
tical to show groundwater supply poten-
tialities on a map, a summary of ground-
water conditions in the various parts of the
American Bottoms follows.
Alton-Wood River-Hartford—Roxana area.
—Graphic sections showing the lithology of
valley-fill material in the area are given in
figure 4. They show that the bedrock sur-
face is quite irregular. The eastern part of
the section, beginning with well A-9, shows
the nature of the terrace material. It is
dominant!)' medium-to-coarse sand, with
little gravel, and fairly uniform from top
to bottom. Eastward the terrace surface
becomes lower and the deposits are finer and
contain more silt.

Clean deposits of sand and gravel are
found at depths below 50 feet from Alton
southeast to Hartford. Many wells in this
belt have encountered clay as much as 25
feet thick overlying the bedrock, but above
this material coarse sand and gravel are
found. The river-front area from Alton
to Hartford is geologically favorable for
further groundwater development.

Area along Cahokia diversion channel and
Chain-of-Rocks Canal.—The valley-fill ma-
terial in this area has been investigated in
connection with U. S. Army Corps of En-
gineers channel and levee projects (unpub-
lished data, U. S. Army Corps of Engineers,
St. Louis district) . Borings penetrated
thick deposits of clean sand and gravel, ex-
cept near the southern end of Chain-of-
Rocks Canal, west of Granite City, where
the bedrock is shallow and coarse deposits
are thin (fig. 3).
Area north and east of Horseshoe Lake
along bluffs.—The area just west of the
bluffs from the vicinity of Poag south to
the Madison County line is the site of the
Edwardsville; Troy, and Collinsville wells.
The bedrock rises sharply at the eastern
margin of the flood plain, but from one-half
to three-fourths of a mile west of Highway
157, which follows the base of the bluffs,
the bedrock floor is reached at a depth of
100 feet or more. Deposits of clean sand
and gravel 20 to 40 feet thick have been
penetrated. The coarseness of these de-
posits decreases toward Horseshoe Lake.
Some of the coarsest sand and gravel stud-
ied came from the valley fill near the bluffs.

Because of the thick, deep sections of
clean sand and gravel, this area is consid-
ered geologically favorable for greater
groundwater development.
Granite City—Madison area.—The lithol-
ogy of the valley fill in the Granite City
area is shown in figure 4, B-B'. The bed-
rock surface slopes eastward. Bedrock is
exposed in the river channel west of Cab-
aret Island during low-water stages, but
between Granite City and Horseshoe Lake
it is about 115 feet below the surface of the
flood plain. Deposits of clean sand and
gravel 20 to 35 feet thick are encountered
at the base of the fill at Granite City and
Madison. These deposits become finer to-
ward the east, and within ,half a mile of
Horseshoe Lake they pass into dominantly
sand and silt deposits unfavorable for in-
dustrial groundwater supplies.
Central belt.—A north-south belt 3 to 4
miles wide, extending from a point opposite
the mouth of the Missouri River south to
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the Madison County line, does not appear
to be favorable for the development of large
supplies of groundwater. The valley fill
in this belt is fine-grained material, appar-
ently of low permeabil ity. The nature of
th is materia l is i l lustrated by well B-9 in
figure 4.
East St. Louis.—The deepest part of the
bedrock channel appears to pass under
East St. Louis, not far east of the eastern
pier of Eads Bridge, where the bedrock
surface is 284 feet above sea level. Wells
in East St. Louis and east of the city were
completed in clean sand and gravel of high
permeabil ity 20 feet or more thick. To the
north, well logs at the National City stock
yards record mainly medium-to-coarse sand,
with little gravel.
Monsanto—Cahokia-Prairie du Pont-Dupo
area.—The southern part of the area, south
of East St. Louis, is highly favorable for
industr ia l supplies of groundwater. Mon-
santo and Cahokia are already heavily de-
veloped, but the area to the south, with the
same poss ib i l i t ies , has not been exploited.
Coarse, permeable sand and gravel deposits
are present throughout the area, as ind i-
cated by industr ia l wells and Corps of En-
gineers levee borings. C-C' and D-D' of fig-
ure 4 il lustrate the lithology of the valley-
fill materials and the nature of the bedrock
surface . The presence of coarse deposits
close to the river in this area favors re-
charge from the river, if water levels on the
flood plain are sufficiently lowered by pump-
age.

CONCLUSIONS
Certa in general izat ions on present and

future development of groundwater sup-
plies in the American Bottoms can be made
from the preceding discuss ion.

1. Coarse alluvial and valley-train sands
and gravels, generally concentrated near the
base of the valley fill, have high permea-
bi l i t ies and are the most favorable deposits
for y ie ld ing industr ia l suppl ies of ground-
water.

2. The medium-to-coarse sands that un-
derl ie the terrace at Wood River and Rox-
ana are excel lent deposits for yielding in-

dustr ia l supplies of groundwater, although
they are somewhat restr icted in lateral ex-
tent and may have slightly lower permeabil-
it ies than the coarser deposits in other parts
of the American Bottoms.

3. Because the terrace deposits are con-
s i s tent ly finer in texture than are the deeper
sand and gravel deposits elsewhere in the
area , wells s ituated on the terrace in the
Roxana—Wood River area would require
finer gravel packs and screens for maximum
efficiency than wells constructed in the lower
coarse sand and gravel at East St. Louis,
Granite City, Monsanto, and Cahokia. Me-
dian diameters of the terrace material
range from .01 to .03 inches; median diam-
eters of the coarse sand and gravel, .02 to
.08 inches.

4. Because of the variable nature of the
alluvium over much of the American Bot-
toms, highly permeable zones are present in
some places at depths as shallow as 60 to 70
feet . The practice of sett ing screens only
in the lower portion of wells may result in
fa i lure to take full advantage of the water-
yielding capabilities of these shallower per-
meable zones. Therefore, where maximum
yield and highest specific capacities are de-
s ired, cons iderat ion should be given to set-
t ing screens through all zones of high per-
meabi l i ty that are of sufficient depth that
the screens will not be exposed to air as a
result of drawdown from heavy pumpage.

5. Greater appreciation of the variabil-
ity of the valley fill dur ing design and con-
struct ion would lengthen the life and im-
prove the efficiency of wells. Wells in the
American Bottom? have been found to have
a much shorter life expectancy than those in
the State as a whole. The principal causes of
well fai lures in the area are screen-clogging
and the filling of wells with sand. Screen-
clogging is partly chemical and partly me-
chanical (Bru i n and Smith, 1953) , Sand-
clogging will be reduced if careful cons id-
eration is given to the texture ranges
throughout the screened interva l s . The tex-
ture of the alluvium may vary greatly within
a few feet vert ica l ly , making it impossible
to select a screen with one slot size optimum
for the ent ire screened interval . Therefore,
cons i dera t i on should be given to the use of
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composite screens made up of sections of
different slot sizes. The life of many wells
also would be increased by the use of care-
fully constructed gravel-packed wells. Clog-
ging of screens and filling of wells with
sand will be at a minimum if the gravel
pack surrounding the screen has the proper
textural relationship to the material in the
adjacent alluvium. A uniform-grain-size
gravel with a median grain size between 5
and 10 times the median grain size of the
water-yielding formation has been found to
give excellent results (Smith, 1954, p. 15 ) .

6. The valley fill appears to be unfavor-
able for yielding industrial supplies of
groundwater in portions of the American
Bottoms where glacial alluviation and Re-
cent river cut-and-fill have produced silt
and fine sand extending almost to bedrock.
Such conditions are believed to be present
in a wide belt extending from opposite the
mouth of the Missouri River to the area
south of Horseshoe Lake.

7. Owing to the shallow permeable de-
posits along the present Mississippi chan-
nel, conditions are probably favorable for re-
charge from the river in most areas along
the river where the water table is suffi-
ciently lowered by pumpage. Induced re-
charge from the river becomes especially
important in the face of increased demand
for groundwater because flood-control meas-
ures have restricted the normal spreading of
floodwater over the American Bottoms, for-
merly an important factor in recharge.

8. Increased groundwater development
appears possible in three areas where pres-
ent withdrawals are small compared to the
potentialities believed to exist. These areas
are : 1) between the eastern bluffs and
Horseshoe Lake from the Madison-St.
Clair county line north to Roxana; 2)
along the Mississippi River near the mouth
of Wood River; and 3) the East Caron-
delet-Dupo area in the south, extending to
an area east of Cahokia.
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APPENDIX 1
PARTIAL LIST OF WELLS IN THE EAST ST. LOUIS AREA

A-l Corps of Engineers, borins, 1948. 400 feet B-2
E of center W line, sec. 13, T. 5 N., R. 10
W., Madison Co. Elev. 434 feet. Total
depth 92 feet, bit refusal. Engineer's field
log.

A-2 Owens Illinois Glass Co. well 9. Thorpe B-3
Concrete Well Co., 1950 . Center of NE %
SWJ^sec . 13, T. 5 N . , R . 10 W., Madison Co.
Elev. 422 feet. Total depth 88 feet. Fin-
ished in sand. Driller's log.

A-3 Alton Boxboard Co. test hole H. Layne-
Western Co., 1944. 2400 feet E, 1300 feet B-4
N, SW corner sec. 18, T. 5 N., R. 9 W.,
Madison Co. Elev. 436 feet. Total depth
131 feet, on rock. Dril ler's log.

A-4 Alton Uovboard Co. test hole I. Layne-
Western Co., 1944. 200 feet N, 200 feet W,
SE corner sec. 18, T. 5 N., R. 9 W., Madison B-5
Co. Elev. 428 feet. Total depth 104 feet,
on rock. Dri l ler ' s log.

A-5 Illinois Power Co., Wood River Power Sta-
tion, test boring 4, 1947. 1500 feet N, 1900
feet E, SW corner sec. 20, T. 5 N., R. 9 W.,
Madison Co. Elev. 425 feet. Total depth B-6
123 feet, bit refusal. Dril ler's log.

A-6 Shell Oil Co., loading dock, well W-l,
Ranney Well Co., 1952 . 2600 feet N, 27CO
feet W, SE corner sec. 33, T. 5 N., R. 9 W., B-7
Madison Co. Elev. 425 feet. Total depth
118 feet, on bedrock. Dril ler's log.

A-7 Internat iona l Shoe Co., Layne-Western Co.,
1 9 5 1 . 2200 feet N, 800 feet E, SW corner
sec. 34, T. 5 N., R. 9 W., Madison Co. B-8
Elev. 429 feet. Total depth 117 feet, fin-
ished in clay. Driller's log.

A-8 Shell Oil Co. well 15, Thorpe Concrete Well
Co., 1927. 2 1 1 0 feet from W line, 278 feet
from N line SW ^ sec. 35, T. 5 N., R. 9 W., B-9
Madison Co. Elev. 454 feet. Total depth
112 feet 11 inches, finished in coarse sand
and gravel. Driller's log.

A-9 Shell Oil Co. well 54, Thorpe Concrete Well
Co. , 1949. 1900 feet S, 1000 feet W, NE
corner sec. 35, T. 5 N., R. 9 W., Madison Co. B-10
Elev. 446 feet. Total depth 131 feet, fin-
ished in gravel . Dril ler's log.

A- 10 Shell Oil Co., Wood River, test hole 6,
Layne-Western Co., 1942. 1 100 feet S,
2300 feet E, NW corner sec. 35, T. 5 N., R. B-l 1
9 W., Madison Co. Elev. 452 feet. Total
depth 171 feet, finished in sand. Dri l ler 's
log.

A-ll Shell Oil Co. test hole 10, Thorpe Concrete
Well Co., 1946. 2200 feet S, 1250 feet E, B- 12
NW corner sec. 36, T. 5 N., R. 9 W., Madi-
son Co. Elev. 435 feet. Total depth 102
feet, finished in sand. Dril ler's log.

A - 1 2 Shell Oil Co., Recreat ion Center test well,
Roxana, 1 1 1 . , Harold L. Watson Dril l ing Co. , B-13
1950 . 2900 feet N, 1750 feet W, SE corner
sec. 36, T. 5 N., R. 9 W., Madison Co.
Elev. 270 feet. Total depth 71 feet. Drill-
er's log.

City of St. Louis River Front Project D. H.
102', 1 95 1 . 5350 feet S of 80° 42' 30' N,
100 feet E of 90° 12' 30' W., St. Louis Co.
Elev. 414 feet. Total depth 22.7 feet, bit
refusal. Engineer's field log.
Corps of Engineers, Chain-ol-Rocks lock
s i te , boring H-l , 1 94 1 . 2600 feet from N
line, 240 feet from W line, sec. 23, T. 3 N.,
R. 10 W., Madison Co. Elev. 4 12 .4 . Total
depth 73 .7 feet, finished in gray l imestone.
Engineer's field log.
Hoyt Metal Co., Granite City, Thorpe Con-
crete Well Co., 1936. 4200 feet S of 38°
42' 30' N, 2600 feet E of 90° 10' W, T. 3 N.,
R. 10 W., Madison Co. Elev. 421 feet.
Total depth 111 feet 6 inches, finished in
boulders and sand. Dril ler's log.
Gran i t e City Steel Co. well 21, Harold L.
Watson Dril l ing Co., 1946. 4700 feet S of
38° 42' 30' N, 5400 feet W of 90" 07' 30' W,
T. 3 N., R. 9 W., Madison Co. Elev. 421
feet. Total depth 116 feet, finished in sand.
Dril ler's log.
St. Louis Gas and Coke Co. well. SW }/±
NW K sec. 20, T. 3 N., R. 9 W., Madison
Co. Elev. 417 feet. Total depth 114 feet,
finished in sand and gravel. Dril ler's log.
Koppers Co. test hole 3, Layne-Western Co. ,
1948 . 1900 feet S, 1400 feet E of NW cor-
ner sec. 20, T. 3 N., R. 9 W., Madison Co.
Elev. 416 feet. Total depth 104 feet, on
rock. Driller's log.
Koppers Co. test hole 4, Layne-Western Co.,
1948 . 1800 feet S, 2900 feet W, NE corner
sec. 20, T. 3 N., R. 9 W., Madison Co.
Elev. 417 feet. Total depth 103 feet, fin-
ished in sand and boulders. Dri l ler 's log.
I l l inois Geol. Survey test hole 1, Charles M.
Haves, 1954 . 125 'feet E, 250 feet N, SW
corner NW }/4 sec. 28, T. 3 N., R. 9 W.,
Madison Co. Elev. 413. Total depth 111
feet, finished in bedrock. Samples studied
by R. E. Bergstrom. Sieve analysis.
Neidringhous-Sull ivan well 2, 1932. 1600
feet from S l ine, 1825 feet from E line, sec.
22, T. 3 N., R. 9 W., Madison Co. Elev.
4 1 1 . Total depth 1 105, finished in Hanni-
bal shale. Dril ler's log.
Vil lage of Troy test hold 3, Layne-Western
Co., 1953. Approx. 100 feet N, 3310 feet
W of SE corner sec. 20, T. 3 N., R. 8 W.,
Madison Co. Elev. 430 feet. Total depth
115 feet, finished in shale. Driller's log.
Vi l lage of 1 roy tes t hole 4, Layne-Western
Co./1953. Approx. 100 feet N, 29 10 feet
W of SE corner sec. 20, T. 3 N., R. 8 W.,
Madison Co. Elev . 432 feet. Total depth
88 feet, finished in shale. Dri l ler 's log.
Village of Troy tes t hole 1, Layne-\Vestern
Co . , ~ 1953 . Approx. 100 feet N, 1860 feet
W of SE corner sec . 20, T. 3 N., R. 8 W.,
Madison Co. Elev. 437 feet. Total depth
48 feet, finished in shale. Dril ler's log.
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C-l City of St. Louis River Front Project D. H.

1 16 , 1951 . 5700 feet S of 38° 37' 30' N,
5300 feet E of 90° 12' 30' VV, St. Louis Co.
Kiev. 412 feet. Total depth 53 .5 feet, fin-
ished in sand and gravel. Engineer's
field log.

C-2 Corps of Engineers test hole W-77, 1952-53.
8400 feet N of 38° 35' N, 3600 feet W of 90°
10' W, T. 2 N., R. 10 VV., St. Clair Co. Elev.
415 feet. Total depth 127 feet, bit refusal.
Engineer's field log.

C-3 American Zinc Co., Monsanto, well 6,
Harold L. Watson Drilling Co., 1940. 6900feet N of 38° 35' N, 750 feet W of 90° 10'W, T. 2 N., R. 10 W., St. Clair Co. Elev.
405 feet. Total depth 107 feet, finished in
soapstone. Driller's log.

C—4 Monsanto Chemical Co. test hole 4, Layne-
Western Co., 1948. 5100 feet N of 38° 35'
N, 250 feet W of 90° 10' W, T. 2 N., R. 10
W., St. Clair Co. Elev. 411 feet. Total
depth 110 feet, finished on rock. Driller's
log.

C-5 Socony-Vacuum Oil Co. well, Layne-Western
Co., 1952. 2400 feet E of 90° 10' W, 4400
feet N of 38° 35' N, T. 2 N., R. 10 W., St.
Clair Co. Elev. 410 feet. Total depth
117J£ feet, finished in gravel and sand.
Sample set 22655, studied by P. M. Busch.

C-6 Key Co. well, East St. Louis, Harold L.
Watson Drilling Co., 1943. 6200 feet N of38° 35' N, 4700 feet W of 90° 07' 30' W.
Total depth 117 feet, finished in sand and
gravel. Driller's log.

C-7 Aluminum Ore Co. well, East St. Louis,
Harold L. Watson Drilling Co., 1940. 4100
feet N of 38° 35' N, 90° 07' 30' W, T. 2 N,
R. 9 W,, St. Clair Co. Elev. 417 feet. Total
depth 121 feet, finished in fine sand and mud.
Driller's log.

C-8 Illinois State Water Survey well 1, Layne-
Western Co., 195 1 . 1800 feet S, 800 feet E
of NW corner sec. 26, T. 2 N., R. 9 W., St.
Clair Co. Elev. 422 feet. Total depth 81
feet, finished in sand. Sample set 21485,
studied by W. H. Bierschenk.

C-9 Drive-in Theater well, French Village,
Harold L. Watson Drilling Co., 1941. 450
feet W of SE corner sec. 23, T. 2 N., R. 9 W.,
St. Clair Co. Elev. 433 feet. Total depth
82J-^ feet, finished at shale. Driller's log.

D-l Anheuser-Busch Co. test hole l,Ranney Well
Co. 2600 feet N of 38° 35' N, 800 feet E of
90° 12' 30' W, St. Louis Co. Elev. 417
feet. Total depth 73 feet, finished on rock.
Driller's log.

D-2 Alton and Southern Railroad well 2, Fox
Terminal, Harold L. Watson Drilling Co.,
1950. 100 feet S of 38° 35'N, 1100 feet E of
90° 12' 30' W, T. 2 N., R. 10 W., St. Clair
Co. Elev. 410 feet. Total depth 104 feet,
finished in sand. Driller's log.

D-3 Corps of Engineers test hole W-95, 1952-53.
3400 feet S of 38° 35' N, 1900 feet E of 90°
12' 30' W, T. 2 N., R. 10 W., St. Clair Co.
Elev. 396 feet. Total depth 82 feet, fin-
ished in gravelly sand. Engineer's field log.

D-4 Corps of Engineers seepage well 2, Cahokia,
1952-53 . 7250 feet N of 38° 32' 30' N,
90° 12' 30' W, T. 1 N., R. 10 W., St. Clair
Co. Elev. 406 feet. Total depth 108 feet,
finished on bedrock. Engineer's field log.

D-5 Corps of Engineers well W24B, Prairie du
Pont, 1952-53. 5000 feet N of 38° 32' 30'
N, 600 feet E of 90° 12' 30' W, T. 1 N R
10 VV., St. Clair Co. Elev. 413 feet. Total
depth 117 feet, bit refusal. Engineer'sfield log.

D-6 Corps of Engineers test hole DH-6-S, 1952
3600 feet S, 1200 feet VV of NE corner sec
10, T. 1 N., R. 10 W., St. Clair Co. Elev.
416 feet. Total depth 84^ feet, bit refusal.
Engineer's field log.

D-7 Corps of Engineers test hole DH, 1950-54.
2300 feet N, of 38° 32' 30' N, 1650 feet E of90° 10' W, T. 1 N., R. 10 W., St. Clair Co.
Elev. 408 feet. Total depth 116 feet, bit
refusal.

E-l Tarlton and Sklar-Dyroff well 1-A, 1943
1070 feet N, 820 feet W of SE corner sec. 28,
T. 1 N., R. 10 W St. Clair Co. Elev. 403
feet. Total depth 1800 feet, finished in
Gasconade dolomite. Sample study 9318,
studied by D. Speziale.

E-2 Lockwood-Dyroff well 1, 1924. 150 feet S
of NW corner NE % sec. 26, T. 1 N., R. 10
W., St. Clair Co. Elev. 590 feet. Total
depth 2904 feet, finished in Potosi dolomite.
Sample study 423, studied by F. E. Tippie.

E-3 Scwell-Bayless-Sparks well 1, 1931 . SWVi NE X SW % sec. 2, T. 1 N, R. 10 W.,
St. Clair Co. Elev. 410.5 feet. Total depth
2002 feet, finished in Jefferson City dolomite.
Sample study 1001, studied by Margaret
Blair.

E-4 Monk's Mound well. Center NW ̂  NW V
NE Yt. sec. 2, T. 2 N., R. 9 W., St. Clair Co.
Elev. 437 feet. Samples studied by J. A
Udden.

E-5 Commonwealth Steel Co. well. NW }^ SW
% sec. 24, T. 3 N., R. 10 W., Madison Co.
Elev. 423 feet. Total depth 2085 feet,
finished in Jefferson City dolomite. Sample
study 226, studied by A. Thurston.

E-6 Kesl-Kusmanoff well 1, 1947. 660 feet
from N line. 330 feet from W line, SW %
SE Yi sec. 12, T. 3 N., R. 9 W., Madison
County. Elev. 410.6 feet. Total depth
1687 feet, finished in Kimmswick limestone.
Sample study 17 178 , studied by M. P. Meyer
and Heinz Lowenstam.

E-7 Penn-lllinois-Poag well 1, 1938. 2400 feet
from S line, 3630 feet from E line, sec. 12,
T. 9 N., R. 9 W., Madison Co. Elev. 424.6
feet. Total depth 2093 feet, finished in St.
Peter sandstone. Sample study 8582, stud-
ied by T. C. Buschbacn.

E-8 Lindberg Park well, 1932. 1830 feet from
N line, 2320 feet from W line, sec. 8, T. 5 N.,
R. 9 W., Madison Co. Elev. 446.9 feet.
Total depth 1200 feet, finished in Maquoketa
shale. Sample study 935, studied by L. E.
Workman.

F-l Bethalto city well 3, Thorpe Concrete Well
Co., 1951 . 2200 feet N 1200 feet W, SE
corner sec. 22, T. 5 N., R. 9 W., Madison
Co. Elev. 437 ± feet. Total depth 95
feet, finished in coarse sand, gravelly.
Driller's log and sieve analysis.

F-2 Wood River city well 1, Thorpe Concrete
Well Co., 1930. 860 feet S, 300 feet E, NW
corner sec. 26, T. 5 N., R. 9 W., Madison
Co. Elev. 446.7 feet. Total depth 109
feet, finished in pink sand. Sample study
1056, studied by L. E. Workman.
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APPENDIX 2

SIEVE ANALYSES OF LOWER PART OF VALLEY FILL, AMERICAN BOTTOMS
Sample

Well number;
depth

F-l
65-70 . . . . .
75-80 . . . . .
85-90 . . . .90-93 . . . . .

F-2
7 6 . 6 - 9 3 . 1 . . . .93 . 1 - 100 . 1 . . . .

100 . 1 - 108 . 1 . . . .
F-3

69- 81 . . . . .81- 96 . . . . .96-103 . . . .
103-110 . . . . .

F-4
76- 84 . . . . .84- 97 . . . . .
97-103 . . . . .103-113 . . . . .

F-5
70- 75 . . . . .80- 85 . . . . .9 0 - 9 5 . . . . .100-105 . . .

F-£
6 0 - 7 0 . . . . .80- 88 . . .95-100 . . . . .105-110 . . . . .

B-9
60- 65 . . . . .70- 75 . . . . .
80- 85 . . . . .
90- 95 . . . . .100-105 . . . . .

F-7
75- 80 . . . . .
8 5 - 9 0 . . . . .
95-100 . . . . .

F-8
75- 80 . . . . .
8 5 - 9 0 . . . . .
95-100 . . . . .

F-9
68-79 . . . . .
79-86 . . . . .
86-90 . . . . .
90-96 . . . . .

F-10
70- 75 . . . . .
80- 85 . . .
90- 95 . . . .
95-100 . .

Percent by weight retained on screen
Mesh

4

—

—

1 . 7
1 . 51 . 2

1 . 32 5 . 5
4 . 7

2 . 97 . 9
1 1 . 7

1 3 . 4
. 510 .712 .4

8 . 5
5 . 9. 4

2 8 . 01 5 . 9
1 . 2

5 . 81 1 . 93 . 8

5 . 322 . 5
1 . 1

10 .2

2 . 1
1 . 4

9

6 . 6
4 . 8

17 .

3 . 72 .7
1 . 2

1 . 8
14 ..91 . 4

9 . 7
1 1 .

. 9
1 1 . 2

1 6 . 5
1 . 6

20.6
6 . 8

1 2 . 8
8 . 9
2 . 27 . 7

.9

2 4 . 3
1 1 . 6
2 . 4

7 . 11 3 . 55 . 3

2 . 3
8 . 5
3 . 0
7 . 0

8 . 3
1 . 72

16

1 . 322 .8
2 2 . 5

26. 1

. 51 6 . 8
4 . 5
1 . 9

5 . 91 3 . 8
2 .4
2 . 3

20 .
1 0 . 1
2 . 2

1 4 . 4

1 4 . 6
4 . 9

3 0 . 5
9 . 0

1 2 . 8
13 . 1
10 .9
1 8 . 827 .7

2 6 . 8
3 1 .
1 7 .

8 . 1
10 .4
18 .

6 . 5
8 . 5

1 3 . 6
1 7 . 2

1 1 . 9
2 4

.7
. 7

24

1 . 2
1 . 3

2 7 . 630 .6

19 .3
. 9

1 .
2 4 . 18 . 8
2 . 6

6 . 6
7 . 9
2 .4
3 . 8

1 6 . 2
8 . 62 .9

1 0 . 8

1 2 . 83 . 81 1 . 3
5 . 6

9 . 4
1 6 . 5
1 4 . 5
24 .3
2 7 . 2

7 3
2 3 . 5
30 .4

8 . 1
1 7 . 120.7

8 . 9
7 928 2

1 7 . 2

7 6
2 . 9

~l

. 4

32

3 . 7
2 . 6

10 4
2 2 . 5

2 1 . 5
4 . 85 . 1

7 . 9
30 .9
2 5 . 92 4 . 3

20.9
1 2 . 59 . 8
3 8 . 6

2 5 . 4
2 5 . 4
1 1 . 7
24 2

1 4 . 7
6 . 9

1 1 . 1
22 .0

1 5 , 6
2 1 . 2
3 5 . 9
24 .8
2 5 . 3

6 . 0
1 2 . 63 1 . 7

1 7 . 8
3 2 . 8
3 9 . 7

20 1
1 6 . 8
35
30 6

1 6 . 2
1 1 . 8
19 .
1 9 . 8

42

7 .2 . 6
1 . 9
4 . 8

6 . 82 9 . 8
2 3 . 3

24.4
1 5 . 5
25 .6
42 .4

33 .8
1 1 . 8
4 9 . 6
3 0 . 5

1 7 . 3
2 2 . 4
4 1 .
1 3 . 9

1 0 . 5
8 . 3
6 . 12 7 . 7

1 5 . 6
1 8 . 62 2 . 7
14 .9

9 . 5

3 . 6
3 . 3

1 2 . 8

22 .4
1 0 . 4
9 . 5

29
19 4
1 4 . 8
1 3 . 1

23 4
1 2 . 55 4 . 3
5 5 . 2

60

22 .5
22 .41 3 . 3

4 . 8

4 . 5
5 0 . 948 .

44.5
4 . 71 9 . 81 5 . 1

1 5 . 2
1 0 . 826 .510 9

7 . 8
7 . 93 1 . 2
9 . 1

8 . 21 5 . 9
4 . 4

1 2 . 4

1 2 . 8
9 . 7
8 . 2
6 .5 . 7

1 . 2
. 8

2 . 4

1 5 . 82 . 3
1 . 6

1 6 . 3
1 1 . 42 . 8

2 . 9

1 7 . 4
24 8
1 7 . 2
1 9 . 5

80

43 .7
5 5 . 413 .38 .

3 . 4
1 0 . 519 .4

1 5 . 31 . 2
8 , 5
7 , 5

8 . 2
2 . 36.35 . 2

1 . 26 . 2
7 . 63 . 1

3 . 7
23 .9

2 . 82 . 3

7 . 1
4 . 23 . 22 .2
2 . 4

. 6
.4

1 . 2

9 . 9
1 .

. 4

5 . 9
2 . 8

. 2

.4

8 . 8
2 8 . 8
4 9
3 . 4

1 1 5

16 .2
1 0 . 5
2 . 81 . 6

1 . 11 . 9
2 . 5

4 . 6. 71 . 7
2 .4

3 . 6
. 8
.9

1 . 4

. 2

.2
1 . 7

.2

3 . 5
1 6 . 8
1 . 6

. 6

2 . 3
. 8
.9. 5
. 4

6
.4
. 6

2 . 5
.2

3 . 2
. 8
.4
.4

2 .6
6 . 1
1 . 9

.4

170

5 .
2 . 6

.9

.9
1 . 2

1 .
2

. 5

.7

1 . 6
. 1
. 4
4

.2

1 . 5
1 2 . 1. 2

. 6

.9
. 4
.4
.2.2

.6

1 . 5

1 4
. 5

.9
4 . 6

.4

. 2

Pan (silt
and clav)

. 51

. 2

2

. 4

. 2

. 2

. 2

. 4
4 . 9

.4

.6

.9

. 4
.4
, 2
. 4

. 6

5

. 5n
. 4o

2
2 4

")
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A MODULAR THREE-D IMENS IONAL F IN ITE -D I FFERENCE -GROUND-WATER FLOW MODEL
By Michae l G. McDona ld and Ar l en W. Harbaugh

ABSTRACT
This report presents a f in i te-d i fference model and its assoc iated

modular computer program. The model s imulates flow in three d imens ions .
The report inc ludes deta i l ed exp lanat ions of physical and mathematical
concepts on which the model is based and an exp lanat ion of how those concepts
are incorporated in the modular structure of the computer program. The
modular structure cons i s t s of a Ma i n Program and a series of highly
independent subrout ines ca l led "modules . " The modules are grouped into
"package s . " Each package deals with a spec if ic feature of the hydrologic
system which is to be s imulated, such as flow from r ivers or flow into
dra i n s , or with a spec i f i c method of so lv ing l inear equat ions which descr ibe
the flow system, such as the Strongly Impl ic it Procedure or Sl i c e-Succes s ive
Over-re laxat ion .

The d i v i s i on of the program into modules permits the user to examine
spec if i c hydrolog ic features of the model independent ly . Th i s a l so fac i l i tates
deve lopment of add i t i o na l capab i l i t i e s because new packages can be added to
the program wi thout mod i fy ing the e x i s t i n g packages . The input and output
systems of the computer program are a l so des igned to permit max imum f l ex ib i l i t y .

Ground-wate r f low w i t h i n the aqu i f e r i s s imu la t ed u s i ng a b lock-centered
f i n i t e - d i f f e r e n c e approach . Layers can be s imu lated as con f i n ed , un con f i n e d ,
or a comb i na t i on of conf i n ed and unconf i n ed . F l ow a s s o c i a t e d with externa l
s t r e s s e s , such as w e l l s , area! recharge , evapo t ran sp i r a t i o n , d r a i n s , and
s t r eams , can a l s o be s imu l a t e d . The f i n i t e - d i f f e r e n c e equat i on s can be
so lved u s i ng e i t h e r the Strong ly Impl i c i t Procedure or S l i c e -Su c c e s s i v eOve r r e l a x a t i o n .

The program i s wr i t t en in FORTRAN 77 and wi l l run wi thout mod i f i c a t i on
on most computers that have a FORTRAN 77 comp i l e r . For each program modu le ,
th i s report i n c l ude s a n a r r a t i v e de s c r i p t i on , a f low c ha r t , a l i s t of v a r i a b l e s ,
and a module 1i st i ng.
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s
Building a Contaminant^f-'Transport Model

S.I GKTTINC; STARTKl)
i >ne of the diff icu l t th ings about deve lop ing a transport model is gett ing
s t a r t e d . "I here are main p r e l im i n a r y de c i s i on * to he made; and there is a lways
i quest ion as lo whether enough data have been assembled lo begin model
d e v e l o pme n t . I he p r e l im i n a r y que s t i o n s and the des ire to assemble f u r t h e r
da ta are often reasons for de lay ing the a c t u a l use o l s imu l a t i o n . In (h i s sec t ion
\ve con s i d e r some ol the que s t i on s t h a t h a v e to be addressed ear ly in any
a t t e m p t to begin bu i l d i ng a c o n t am i n a n t t r a n s p o r t model .

S . I . I Present I iiderstandinjj of the How System
One of the first q u e s t i o n s in a t r a n s p o r t s imu l a t i o n pro|cct re la te s to the
p r e s e n t l e v e l o i u n d e r s t a n d i n g o l the ' low sy s t em In some case * the
hvdrogeolog ic system may be thorough ly detmcd. and a flow model may
a l r e a d v e x i s t : i l t h e *ca ic o ! t h a i How mode l i s appropr i a t e , v e l o c i t y
d i s t r i b u t i o n s lor use as i n p u t ;o a t r a n s p o r t s im u l a t i o n can be taken d i r e c t l y
irotn i t s o u t p u t . At the o t h e r end of the spe c t rum, very l i t t l e may be k n own
abou t (he How sy s t em , ami a hvdrogeo l og i c i n v e s t i g a t i o n , c u lm i n a t i n g in the
deve lopment of a flow model, may be requ ired as the l irst stage of transport
model d e v e l o pmen t . In mo * t cases , h ow e v e r , the need for so l u t e t r an spo r t
s imu l a t i o n ar i ses a l t e r a c e r t a i n amoun t o l ludrogeolog ic i n v e s t i g a t i o n ha *
been completed : ( hu * some unde r s t a nd i n g o l the How regime e x i s t * , a l though
v e i y o f t e n no How s imu l a t i o n , or at l ea s t no (low s imu l a t i on at the scale
l equ ircd to support t ranspo i ; anaKs i s . has been at t empted . In these cases
'.he f i r s t t a s k i n t r a n s p o r t M im . i a l i o n i s 1 ' i c d e v e l o pm e n t of a reasonab le tlovvr i
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model, at the appropriate scale, on the basis of existing hydrogeologic data
and interpretations. It should be stressed that the velocity distribution as
determined by the flow model is by far the most important factor in
controlling solute transport under most circumstances.

8.1.2 Dimensions of Analysis
Next one must ask whether the problem at hand requires three-dimensional
analysis, or can be adequately represented in two-dimensional simulation.
This question relates both to the flow' system and to the transport problem.
Virtually all field problems are three-dimensional to some degree, but in
some cases the components of flow or transport in the vertical direction are
small enough to be neglected, or the problem displays symmetry through
which it can be reduced to two dimensions. One can imagine situations in
which three-dimensional flow simulation is needed to account for various
hydrologic processes, but two-dimensional transport simulation, based on
horizontal velocity components taken from one layer or one cross section
of the flow model, may be adequate to characterize solute movement over
the time span of interest. On the other hand, there may be situations in
which two-dimensional areal flow simulation is adequate because of negligible
vertical flow components, but three-dimensional transport simulation is
needed to define vertical dispersion.

8.13 Domains of Simulation
Another issue which must be addressed for both flow and transport relates
to the spatial and temporal domains of the simulation, i.e., the size of the
region which must be included in the simulation, and the time span which
must be covered. In terms of the region to be included, the answer is generally
not the same for the flow and transport regimes. Adequate simulation of
hydrogeologic influences often requires that the flow model extend over a
large region, either to intersect recognized hydrologic boundaries to facilitate
assignment of boundary conditions supported by field data, or to minimize
the impact of boundary conditions not well constrained by field data on the
local study site. Frequently, however, the transport which has occurred in
the past, or that which can be anticipated over a reasonable future time,
affects only a small part of the area which must be included in flow
simulation. For example, the flow regime controlling transport of contamin-
ants from a waste site may be governed by recharge areas, surface drainage
features, or well fields located many miles from the site, whereas the existing
or projected contaminant plume may be only a few thousand feet in length.
In cases such as this the transport model domain can be restricted to the
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projected plume area, while the flow model must be extensive enough to
include all of the control l ing features . Veloc it ies taken from the sect ion of
the (low model correspond ing to the plume area are used as input to the
t ranspor t s imulat ion.

8.2 SPATIAL DISCRETIZATION
As noted above, a flow model must ex i s t prior to assembly of a transport
model, or must be developed as the f i r s t s tep in the transport s imulat ion
project . Most computer codes for transport modeling, such as FTWORKS
(Faus t e t al . , 1990) . MT3D (Zheng. 1990, 1 9 9 2 ) and SUTRA (Voss . 1 9 8 4 )
use the same model grid for both flow and transpor t s imu lat ion . There are
a few except ions , such as the MOC code (Konikow and Bredchoeft. 197K ;
Goode and Konikow. 1 989 ) which al lows a subgrid with finer spacing for
transport simulation. The design of a model grid may seem, at first glance,
a simple task . However, it is one of the most important steps in model
development; without proper grid design, a numerical model cannot achieve
reasonable representat ion of the conceptual model and at the same time
meet the practical constra ints of s imulat ion t ime and computer memory.

Anderson and Woessner ( 1992a ) discuss the steps in going from a
conceptual model to a numerical model gr id . Although their development
is phrased largely in terms of flow modeling, most of the discuss ion is equal ly
appl icable to transport modeling, and the i r t e x t is an excel lent source of
general informat ion re lat ing to spat ia l d i s c r e t i/at i on and grid design in
numer ica l model ing. The d i scuss ion in th i s sect ion focuses on special cons id-
erat ions applying to the design of model grids which are intended for use
both in flow and transport simulation. As the development will show, the
spa t i a l d i s c r e t i/a t i on requ irements of t r an spo r t s imu l a t i o n are usual ly more
s t r i n g e n t than those of flow s imu la t i on a lone, and cer ta in spat ia l d i s c r e t i/-
at ion pract i ces t ha t are qu i t e acceptab le in How model ing may lead to
prob lems in t ran spor t s imu la t i on .

8.2 . 1 Mori/ontal Nodal Spacing
Dis tanc e between adjacent nodal points , usual ly referred to as nodal spac ing
or mesh spacing, determines the re so lu t ion ol a numerica l model. In most
model ing projects , the nodal spacing ol the numer ica l model is d i c ta ted by
the scale of the problem to be modeled and the l im i tat ions of avai lab le
computer resources . For example , if it is important to examine flow and
c o n t am i n an t t r an spo r t between a landfi l l and a r ive r which are only 100 feet
apart, the nodal spacing in and near th i s area must clearly be smaller than
100 feet . At the o th e r ex t r eme , s imu lat ion of so lute movement in a plume
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which spans several miles in the longitudinal direction and several thousand
feet in the lateral direction may require very large nodal spacing to maintain
a model of manageable size.

In the horizontal directions, nodal spacing may be uniform (i.e., the same
in each coordinate direction and throughout a given part of the mesh) or
variable. Note that meshes of uniform or variable spacing are also referred
to as regular or irregular in the literature. In flow simulation, a uniform and
relatively close nodal spacing is generally used within the area of greatest
interest, while variable spacing may be used to extend the mesh outward to
recognized hydrogeologic boundaries. In either flow or transport simulation,
however, there are certain advantages to the use of uniform spacing wherever
feasible.

First, the numerical truncation errors resulting from the approximation
of the flow and transport equations are generally smaller for regular nodal
spacings than for variable spacings. Second, in developing model input
parameters, an interpolation scheme is often used to obtain nodal values on
the basis of a limited number of data points. Most commercial or public
domain data interpolation programs assume regular nodal spacing, and thus
cannot be used easily to assign parameter values for a model grid of irregular
nodal spacing. Finally, calculated hydraulic heads or solute concentra-
tions from a regular portion of the model grid can be directly ported
to a contouring program to create contour maps, without the necessity
of an interpolation procedure which can smear or distort the calculated
distribution.

For these reasons, it is advantageous to use a regular nodal spacing
throughout the entire grid. However, where the natural hydrogeologic
boundaries fall at some distance from the area of interest, it is usually
necessary to use an irregular spacing so that those boundaries can be
incorporated in the simulation without using an impractically large number
of nodal points (see Figure 8- 1 ) . In these cases, a practical rule of thumb for
finite-difference simulation is to increase the spacing from one node to the
next by a factor of no more than 1.5 or 2, as advocated originally by Trescott
et al. ( 1976).

The advantages of uniform spacing noted above are equally applicable
to flow and transport simulation. In transport simulation, however, if the
standard finite-difference or finite-element method is used, the nodal spacing
is required to meet an additional criterion in order to minimize numerical
dispersion (see Chapter 6). This criterion is expressed in terms of the grid
Peclet number as defined previously:

Pe = -* (8-1 )
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(a) A Finite-Difference Grid (modified from Zheng et a l . , 199 1 ) .

(b) A Fin i te Element Grid (after Gambolati et al., 1986).
KK i l ' RK 8- 1 . I l l u s t r a t i o n o f i r r e g u l a r fmi l iMl i tTerer i te and t im l e-ekmcn t model gr ids
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where Pex is the Peclet number for advective and dispersive components in
the x direction; the Peclet numbers for the y and z directions are similarly
denned. The larger the Peclet number, the more dominant is the advective
transport component, and thus the more significant is the numerical
dispersion problem that is associated with standard finite-difference or
finite-element methods. To mitigate numerical dispersion, the nodal spacing
in the x, y, and z directions must be sufficiently fine to insure a small Peclet
number at the prevailing velocity components and dispersivity values. As
noted in Chapter 6, numerical dispersion becomes negligible when the grid
Peclet number approaches 2. Voss (1§84) suggests keeping the grid Peclet
number equal to or smaller than 4 when setting up nodal spacing for the
SUTRA finite-element transport model.

Obviously, the Peclet number criterion for spatial discretization is strin-
gent, and can require exceedingly small nodal spacings if flow velocity is large
or dispersivity is small. This is one of the reasons that Lagrangian or
Eulerian-Lagrangian approaches, such as the random walk method or the
method of characteristics, are often preferable for solving advection-dominated
problems (see Chapter 6). Using a Lagrangian or Eulerian-Lagrangian
method, transport problems with very large Peclet numbers (infinite in the
purely advective case) can be handled effectively without resorting to very
small nodal spacings.

8.2.2 Vertical Discretization
Discretization in the vertical direction presents a number of mesh design
problems. The finite-difference scheme is often used in the vertical direction,
even where calculations in the horizontal plane are carried out using the
finite-element approach, for example in the PTC code (Babu and Pinder,
1984). It is theoretically possible to impose uniform discretization in the
vertical direction, i.e., to divide the model into horizontal layers of equal
thickness, or at least into layers which are each of uniform, if not equal,
thickness. The total number of layers is then determined simply by the
required vertical resolution. If the layers differ from one another in thickness,
numerical problems can be minimized by limiting the change in thickness
between adjacent layers to a factor of 1.5 or 2, as in horizontal discretization.

What makes this approach difficult in practice is that most groundwater
flow systems contain hydrostratigraphic units which vary significantly both
in thickness and hydraulic properties, as illustrated in Figure 8-2(a). When
the system is discretized using uniform horizontal layers as illustrated in
Figure 8.2(b), several hydrostratigraphic units of very different characteristics
may be contained in a single model cell, and estimation of composite
hydraulic or transport parameters for such cells may be very difficult.
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(a) Aquifer cross section with geologic units of variable thickness.
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(b) Spatial discretization using horizontal model layers.
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(c) Spatial discretization using deformed model layers.

K IGLRE 8-2. I l l u s t r a t i o n of d i f feren t approaches for v e r t i c a l d i s c r e t i s a t i on in a
t imte-d iHcrence model .

Furthermore , an impract ica l ly large number of layers may he required to
mainta in the continuity of aquifers or aqui tards across the system: the
hvdrologic cont inu i ty of such un i t s ts often the most important factor in
contro l l i ng the flow system and the t ran spor t process. To limit the required
number of model layers whi le ma in ta i n i ng t h a t cont inu i ty , several commonly
used three-dimens ional (low and transpor t codes (e.g. , MODFLOW. MT3D,
and FTWORKS) al low the use of a ver t i c a l l y deformed model grid,
see Figure 8 -2 ( c ) . In th i s vert i ca l d i s c r e t i/a t i on approach, the th i ckne s s of an
i nd i v i dua l layer may vary from one location to another, so that the layer
can represent an individual aquifer or aquitard unit.

The use of a vert i ca l ly deformed grid s impl if ies the as s ignment of hydraul ic-
parameters , and a l lows the con t i nu i t y of aquifer or aqu i tard un i t s to be
maintained with fewer layers than a rctiular grid, as demonstrated hv
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Figures 8-2(b) and (c). However, vertically deformed grids introduce ad-
ditional numerical errors as they depart from certain of the assumptions
upon which the standard finite-difference method is based. While the
magnitude of the error resulting from this departure is hard to quantify, it
can be demonstrated that a vertically deformed grid causes substantially
greater error in transport simulation than in flow simulation (e.g. Zheng,
1994). This is because in transport simulation, velocity must be calculated
from fluxes and cross-sectional areas at model cell interfaces. In a vertically
deformed grid, the cross-sectional areas at cell interfaces must be estimated
from some sort of averaging, thereby suffering loss in accuracy and resolution.
In addition, as noted in Chapter 5, cell-to-cell variation in layer thickness
may cause false movement of fluid particles across layer boundaries in any
method which incorporates a particle tracking component. For these reasons,
more layers may be needed to achieve the required accuracy when both flow
and transport simulations are undertaken than when flow simulation alone is
involved.

In flow simulation, an aquitard or low permeability interval is sometimes
represented only by the vertical conductance between the overlying and
underlying transmissive layers; in effect this introduces the assumption that
flow in the low permeability material is entirely vertical and that storage
effects within it can be neglected. In this discussion the term "quasi-three-
dimensional" is used for vertical discretization schemes which incorporate
this assumption (although it should be noted that this term has also been
used in a more general sense to describe any vertically deformed grid). A
quasi-three-dimensional model in the sense used here (see Figure 8-3)
requires much less computer storage and has much shorter run times than
a model in which aquitard units are represented by individual layers or
groups of layers, and can give comparable results in flow simulation provided
the underlying assumptions are satisfied. However, a quasi-three-dimensional
grid presents problems in transport simulation. If an aquitard separating
two aquifers is not represented by an individual model layer, the calculated
travel time between the aquifers is underestimated by an amount of t', where
under the assumption that flow in the aquitard is vertical:

t' = B'/v' (8-2)

in which B' is the thickness of the unrepresented aquitard and v' is the
seepage velocity through the acquitard, given by

v' = q'lB' (8-3)

In equation (8-3) q' is the Darcy velocity between the two aquifer units as
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FIG I. RE 8-3. I l l u s t ra t ion of I he quas i - three-d imens iona l approach in vert i ca l d i s c re t i za t i on .

simulated by the quas i-three-dimens ional model and 0' is the porosity of the
confining unit.

A further problem arises in transport s imulat ion when a quas i-three-
dimens ional grid of the type shown in F igure 8-3 is used. When simulating
the concentrat ion d i s tr ibut ion with a contaminant transport model, an
aquitard acts to store or release contaminant mass. The amount of mass
stored in the aqu i tard per unit surface (map) area, considering the dissolved
phase only, is

M =-- B'O'C' ( 8 -4 )

where C' is the concentration within the aquitard. When sorption is present,
the amount of mass stored in the solid phase must also be cons idered. When
the aqu i tard is not represented by an indiv idual model layer or groups of
layers, concentrat ions in an adjacent aqu ifer wi l l be overcalculated if the
problem is one in which solute mass would accumulate in the aqui tard . On
the other hand, concentrat ions in the aquifer wi l l be undercalculatcd if the
problem is one in which so lu te mass would be released from the aqu i tard .

For the reasons out l ined above, the quas i- three-d imens iona l approach as
i l l u s t ra ted in Figure 8-3 should be avoided in transport model ing. If the use
of th i s type of model cannot be avoided, due to l imitat ions in computer
resources, certa in remedies may be appl ied to compensate at least part ia l ly
for the effects of omi t t i ng the aqu i tard un i t s . For example, in partic le track ing
calculat ions, trave l times for part ic les moving between aquifer units may be
increased by the amount given by equat ion ( K -2 ) to obtain a corrected total
t r a v e l t ime. In model ing the concen t ra t ion d i s t r i bu t i on , s imulated concen t ra-
t i on s for aqu ifer un i t s above and beneath the unrepresented aqui tard may be
adjusted to reflect the mass accumulat ing with in or released from the
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aquitard. However, these methods of correction cannot yield results as
satisfactory as those obtained by representing the aquitard by one or more
model layers.

8.3 TEMPORAL DISCRETIZATION
In transient flow simulation, the total length of time to be simulated is
normally divided into a series of stress periods (often referred to as pumping
periods), each of which is in turn divided into one or more time steps. Stress
periods relate to the nature of external stresses; they represent time periods
over which external stresses such as pumping rates, recharge rates, or river
stages are held constant. Time steps, on the other hand, represent the
finite time increments used in approximating the time derivative in the
governing differential equation. Generally speaking, smaller time steps lead
to a more accurate numerical solution; however, increasing the number of
time steps increases the computer time required to complete a simulation.
In practice, therefore, a compromise always has to be struck between
accuracy and efficiency. Almost all commonly used flow models, whether
solved through iterative or direct techniques, are based on the backward-
difference approximation of the governing equation. Therefore, there are no
stability criteria or constraints associated with the selection of time step size.
Most flow models allow the use of a time step multiplier (normally between
1 and 1.5) so that time step sizes may be increased progressively as simulation
moves on from one time step to the next within a stress period. This is
desirable because the rate of change in the flow field is greatest immediately
after a change in external stress, and often decreases rapidly over time.

Unlike flow simulation, which may be carried out in either the transient
or steady-slate modes, transport simulation is almost always transient in
nature, i.e., concentration must be considered a function of time, even when
the governing flow field is steady-state. It is true that a contaminant plume
may eventually reach steady state if there are continuous sources and either
continuous sinks or sustained reactions which reduce concentrations effect-
ively to zero over a certain distance. However, these conditions occur
infrequently in field situations, and most transport simulations must be
considered transient.

In transient transport simulation, the total length of time to be simulated
is also discretized into stress periods, as in flow simulation (see Figure 8-4).
During each transport stress period, both the flow rate and the specified
concentration of each external source remains constant. If the flow rate of
an external source changes, a separate stress period is required, even if the
concentration of this source remains the same, as illustrated in Figure 8-4.

A transport stress period is in turn divided into one or more time steps.
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Smaller t ime step si/es are genera l ly needed in transport s imulat ion than in
flow s imulat ion ; thus a s ing le t ime step of the flow s imulat ion may
correspond to severa l smaller s teps in the t ran spor t s imulat ion (referred to
here as t ranspor t s teps ) . There are a number of reasons for this finer t ime
d i scret i/at ion in transport s imu la t i on . When the standard finite-difference
or f in i te-e lement method is used as the so lut ion technique, transport step
si/.es are general ly required to meet a cer ta in accuracy cr i ter ion expressed in
t e rms of the Courant number , in order to min im i/ .e numer ica l d ispers ion
and/or art i f i c ia l osc i l l a t ion ( see Chap t e r M The Courant number has been
defined previously as

r AfC, = A ( 8 - 5 )A A
where C r is the Courant number , def ined lor the \ direct ion us ing the veloc i ty
component i\ and nodal spac ing Ax. Fqua t i o n ( 8 - 5 ) can be r ewr i t t e n to
ob ta i n the cr i ter ion for the t r a n s p o r t step si/e in terms of the Courant
number:

Af -- (.', AA ( S - 6 )

In app ly i ng equa t i on ( K - 6 ) a Cot i r an t number equal to un i ty (C, — 1) i s the
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most commonly used criterion (e.g., Voss, 1984; Kipp, 1987). In a three-
dimensional model in which a sorption isotherm is simulated, equation (8-6)
may be generalized as

. /Ax Ay AzAt = RC,mm —, —,—V vx v, v2

(8-7)

where R is the retardation factor for the assumed sorption isotherm.
When a Lagrangian or mixed Eulerian-Lagrangian method is used as the

solution technique in transport simulation, numerical dispersion is not a
problem. However, because particle tracking is used to approximate the
advection term, transport steps must be limited in size to maintain sufficient
accuracy in the particle tracking solution (see Chapter 5). When the
first-order Euler's method is used for the particle tracking solution, the
Courant number normally should not exceed unity (e.g., Konikow and
Bredehoeft, 1978; Prickett et al., 1981 ) . When a higher-order method such
as the fourth-order Runge-Kutta method is used for the particle tracking
solution, a Courant number greater than 1 but generally not greater than 2
may be used (e.g., Zheng, 1990).

Transport simulation also requires smaller step sizes when an overall
explicit solution scheme is used in the transport code. An overall explicit
solution scheme is often used in mixed Eulerian-Lagrangian approaches, for
example, in codes such as MOC or MT3D codes which solve advection by
particle tracking and dispersion by an explicit finite-difference or finite-
element method. The time step restriction in these cases arises because of
the stability criteria associated with explicit solution schemes. For example,
when dispersion is solved with an explicit block-centered finite-difference
method, the maximum transport step size for a stable solution in a three-
dimensional simulation is

At < 0.5 R (8-8)

where /)„, Dyy, and Dri are the principal components of the dispersion
coefficient. In a two-dimensional simulation, equation (8-8) is reduced to

At < 0.5 R
D«/(Ax)2 (8-9)

These equations show that the explicit formulation in three-dimensional
simulation requires a smaller time step size than in two-dimensional
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simulation, given the same horizontal dispersion coefficient components. The
equations also show that the step size is inversely proportional to the
dispersion coefficient components. Therefore, if large dispersivity values arc
required in a transport simulation, small transport steps may he needed to
meet the stabil ity criterion. If transport components other than dispersion
are also solved explicitly, there will he additional stabil ity requirements as
discussed in Chapter 6. In summary, therefore, the transport step size should
be the smallest step size computed for the entire mesh as satisfying the
Courant number constraint and all stabi l ity criteria.

8.4 INITIAL CONDITIONS
Initial conditions are required for all transient flow and transport models.
In flow simulation, initial conditions for a transient simulation are often
taken from the results of a steady-state simulation representing the system
prior to the imposition of transient stresses. In transport simulation, initial
conditions are usually formulated according to the objectives of simulation.

As noted previously, the objectives of transport simulation are usually:
(1) to achieve a better understanding of the transport regime: (2) to
reconstruct the evolution of an'existing plume from its origin to the present:
or (?) to evaluate the future response of an exist ing plume to various
proposed containment or remedial actions. For cither of the first two
objectives, initial concentrations arc usually set to zero or to background
values everywhere in the problem domain. To address the third object ive,
the concentration distribution of the exist ing plume must he used as the
initial condition. The simplest way to do (h is would be to use the existing
field data directly as the model input: however, the concentration distribution
of an exist ing plume is rarely known in sufficient detail to allow this
approach. Very often, one has only a limited number of concentration
measurements, and frequently these are focused in a small area of the plume.
In an ideal case, one should uti l ize trans ient simulation starting with zero
(or background) init ial concentrations, and adjust parameters in calibration
until the simulated plume for present condit ions matches measured concen-
trat ions at observation wells (see Chapter 10 ) . The simulated plume could
then he used as the initial condit ion for subsequent predictive runs. However,
this process requires detailed information on the location and history of the
contaminant sources, which is rarely available: and the time and effort
involved would in many cases be prohib it ive. For these reasons, the
concentrat ion distr ibut ion of an ex i s t i ng plume is often constructed from the
measured data using an interpolat ion scheme, or a more sophist icated
geostatist ical tool such as kriging (e.g. de Mars i lv . 19X6: Deutsch and Journcl.



224 Applied Contaminant Transport Modeling

The diskette designed to accompany this volume includes a program,
INTERP, which contains several interpolation and kriging options which
may be used to obtain an initial plume distribution from scattered concentra-
tion measurements. This program also provides a logarithmic conversion
option which can be used to convert the measured concentrations to a
logarithmic scale before interpolation or kriging, and afterward to convert
the interpolated or kriged values back to an arithmetic scale. This conversion
may be desirable if the concentration data appear to follow a logarithmic
distribution. To apply program INTERP, the user enters the spatial coordi-
nates of the data points and of one nodal point, and the model grid spacing.
The program returns concentration values of all nodal points, in a format
specified by the user. Further information on the diskette is provided in
Appendix B.

When interpolation is used to generate initial plume concentrations from
a sparse set of field data, the resulting initial conditions for the predictive
model carry significant uncertainty. Techniques of sensitivity and uncertainty
analysis (as discussed in Chapters 10 and 11) can be used to address this
problem.

8.5 BOUNDARY CONDITIONS
Generally, there are three types of boundary condition for transport models
(see Chapter 4). They are: (a) specified concentration (Dirichlet condition);
(b) specified concentration gradient or dispersive flux (Neumann condition);
and (c) specified concentration and concentration gradient or total flux
(Cauchy condition). The treatment of these boundary conditions in transport
simulation has been described in Chapter 6. However, solute transport is
influenced not only by the boundary conditions of the transport simulation,
but also by those of the supporting flow simulation, and by the way these
interact with the transport boundary conditions. In this section we discuss the
combined influence of flow and transport boundary conditions in controlling
the rate at which solute mass enters or leaves the model at boundary cells.

8.5.1 Use of the Specified-Concentration Condition
The Dirichlet type of transport boundary condition, or a specified (constant)
concentration condition, is commonly used to represent a solute source area.
For example, model cells representing zones of extensive NAPL accumula-
tion are often treated as constant concentration cells, as dissolved concentra-
tions in groundwater near the NAPL can be expected to remain high and
essentially constant over long periods of time. As another example, concentra-
tion would normally be specified for a cell containing an injection well, if



Building a Contaminant Transport Model 225

the injection is capable of rapidly replacing the pore volume of the cell; the
specified concentrat ion in th is case would be that of the injected water .

The mass fluxes from and to a specified concentrat ion boundary node are
determined internal ly by the s imulat ion program. Both the advect ive and
d i spers ive components of the mass exchange between the boundary nodes
and the i n t e r i o r nodes arc accounted for. Obvious ly , the exact amount of
mass actua l ly introduced into or removed from the transport regime is not
only a funct ion of the specific concen t ra t i on , but also of factors such as the
ve loc i ty and d i sper s iv i ty values at the boundary nodes.

8.5.2 Use of the Speciried-Mass-Flux Condit ion
The mass flux from and to a transport boundary can be prescribed before
the transport s imulat ion through the use of the Neumann or Cauchy type
of transport boundary condit ion. The advect ive mass flux into or from
the transport regime is determined by the specified flow rate and the
concentrat ion at the boundary nodes. The dispers ive mass flux is determined
by the spec if ied concentrat ion gradient and the dispers ion coefficient at the
boundary nodes.

In many pract ical model appl icat ions, the rate at which solute mass enters
or leaves a boundary cell by dispersive transport is very small and thus can
be neglected in ca l cu la t ion . As a result , the Neumann cond i t ion , where the
concentrat ion gradient must be specified across the boundary, is rarely
applied. Where the Cauchy cond i t ion is app l i ed the concentrat ion grad i en t
across the boundary is usual ly not exp l i c i t l y specif ied, thus in efleet is
cons idered /ero. In other words , the adve c t i v e component is general ly used
to approx imate the to ta l mass flux specif ied across a Cauchy boundary .

8.5.3 Role of Flow Model Boundary Condit ions in
Solute Transport
Mos t of the boundary c ond i t i o n s commonly used in flow s imu la t i on resu l t
in flow of water into or out of the model at cel ls subject to the cond i t ion .
Along a spec it ied-t low boundary , wa t e r en t e r s or l e ave s the model at each
boundary cel l at a rate (J s . wh i c h r ema i n s f i x e d w i th i n each s t r e s s period
but may vary from one s t re s s per iod to a n o t h e r , and is specif ied tor cacti
s t r e s s per iod in advance of s imu la t i on . An impor tan t spec ia l case of the
spec i t ied-f low boundary i< the no-flow boundary, in which Q^ is /ero for all
stress periods. A no-flow boundary represents the only boundary condit ion
under which flow in to or out of the model c anno t occur at the boundary cel ls .

Oth e r commonly used cond i t i o n s in flow s imu l a t i o n arc the spec if i cd-head
bounda ry , in wh ich head or pressure is ma i n t a i n e d at a f ixed value in each
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stress period at boundary nodes subject to the condition; and the closely
related head-dependent flow boundary, in which flow into or out of the
model at a boundary cell occurs in proportion to the difference between a
specified head external to the model and the calculated head at the boundary
node. Under both of these types of boundary condition, a flow Qs, enteringor leaving the model at the cell, is determined in the simulation at each time
step. Under the head-dependent boundary condition, Qs is calculated as

Qs = COND(hs - (8-10)
where hs is the specified head at the external sink/source, haq is calculatedhead at the boundary node and COND is the conductance or constant of
proportionality. Under the specified-head boundary condition, Qs is simply
the algebraic sum of the flows toward and away from the cell within the
model, as calculated in flow simulation.

The simplest case to consider is that of the no-flow boundary. This type
of boundary condition is often used to represent a contact with material of
very low permeability, but can also be used to simulate any surface on which
the normal component of the hydraulic gradient is essentially zero, and can
be expected to remain so throughout the simulation. In either of these cases,
the velocity component normal to the boundary is zero, and advective
transport into or out of the model across the no-flow boundary is clearly
zero. If the boundary represents a contact with low permeability material,
dispersive transport across it can also be taken as zero. In theory, dispersive
transport may not be zero across a no-flow boundary which is used to
represent an arbitrary surface on which the normal hydraulic gradient is
negligible, since the concentration gradient may not be zero at a surface
of this kind. In most cases, however, the dispersive flux of solute mass across
such a surface is very small and can be neglected. Thus in effect a
no-flow boundary in the flow simulation can usually be treated as a
no-mass-flux boundary of the transport model.

For all other types of flow boundary, some nonzero flow, Qs> will in
general enter or leave the model at each boundary cell (where as discussed
above, Qs may be specified or determined in the course of simulation, and
may vary both from cell to cell and with time). This implies that solute mass
may also enter or leave the transport model through these boundary cells.
If the flow model boundary coincides with a boundary of the transport model
on which concentration is specified (i .e., on which either the Dinchlet or
Cauchy condition is implemented) the rate at which solute mass enters or
leaves the model advectively at a given boundary cell is QsCb, where Q, is
the specified concentration of the cell. Otherwise, if concentration is not
specified along the boundary, two cases must be considered. If the boundary
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cell functions as a sink, i.e.. if Qs is cither specified as a withdrawal or is
determined in calculation to he a withdrawal, the rate at which solute leaves
the model advectively at the cell is QsCa. where Ca is the calculated
concentration in the groundwater at the cell. If the cell is specified as a source,
or determined in calculation to function as a source, the rate at which solute
mass enters the model advectively at the cell is (2«,Q. where C\ is the
concentration of the water enter ing at the cell ('s must be specified in
advance for any cell which has the potent ia l to function as a source at any
time in the simulation.

8.5.4 Comparison Between Flow and
Transport Boundary Conditions
While an analogy exists between transport model boundary conditions and
How model boundary conditions, one must he careful to note the differences
in the way corresponding conditions influence the respective simulations.
The specificd-conccntration boundary condition of the transport equation
is analogous to the spccified-head boundary condition of the flow equation:
however, it influences solute mass inflow in a very different way than the
specificd-head boundary influences water inflow. Similarly, the specified-Oow
boundary condition of the flow equation is actually a specified hydraulic
gradient condition, and is thus analogous to the specified concentration
gradient condit ion of the transport equation; but whereas the inflow or
outflow of water is completely determined when the hydraulic gradient is
specified, only the relatively small dispersive component of the solute mass
flux is determined by specifying the concentration gradient. There is in fact
no transport boundary condit ion, taken alone, which can specify the total
rate at which solute mass enters or leaves at a boundary, except for the
special case of /cro concentrat ion and /.cm concentration gradient noted
above. To generate a transport model boundary for which the solute mass
flux is exactly and fully determined, a spccil icd-flow boundary of the flow
equat ion must be combined w i t h a spccit icd-conccntration and concentra-
tion gradient boundary of the transport equation.

8.?.5 A \ote on Scale Difference in
Flow and Transport Simulation
As stated previously, quite often a flow model is of regional scale with a
large and extens ive grid. A transport model, on the other hand, is of local
scale under many circumstances. Using the same model grid for (low and
transport simulation may lead to unnecessary transport calculations in many
of the model cells outside the plume area. Some transport codes provide
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FIGURE 8-5. Definition of a local area for transport calculation within the regional flow
model.

certain means to handle this situation more efficiently. For example, the
MT3D code (Zheng, 1990) allows setting the no-mass-flux boundary inside
the active flow domain to remove from the transport calculation any active
flow cells which are not anticipated to exhibit transport (see Figure 8-5). The
MOC code (Konikow and Bredehoeft, 1978; Goode and Konikow, 1989)
permits the definition of a subgrid for transport simulation within a portion
of the flow simulation grid. Under this option the transport grid does not
coincide with the flow grid, and velocity components at cell interfaces of the
transport grid have to be interpolated from the flow simulation results.

Another approach to the problem of different scales in flow and transport
simulation is based on the concept of grid refinement. With this approach,
termed "telescopic" by Ward et al. ( 1 987 ) , a regional-scale flow model
with coarse nodal spacing is first developed utilizing as many natural
boundary conditions as possible. A local-scale flow model is subsequently
developed, with boundary conditions interpolated from the flow solution
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obta ined w i t h the reg ional-sca le How mode l . (An in termed ia te s tep may also
he t a k e n , if necessary, to br idge the reg iona l - and loca l-sca le mode l s . )
Transpor t may t h en be s imu la t ed based on the local How model .

S.6 S O I R C K S AND SINKS
8.6 . 1 Types of Sources and Sinks
A source or s ink repre sen t s a mechan i sm through which water enters or
leaves the sys t em: thu s it is t i r s t and foremost a feature of the (low s imu la t i on .
The s o u r c e/ s i n k term in the govern ing t r a n s p o r t equa t i on represents so lu te
mass d i s so lved in wa t e r which e n t e r s the How domain th rough fluid sources ,
or leaves i t through Hind s i n k s . The flow rate s of sources and s inks are e i t h e r
spec if ied or computed in the flow s imu l a t i o n . Sources and s i n k s may be
d iv ided broad ly in to two types, interna l and e x t e r n a l .

l - ' x t e rna l sources and s i nk s actua l ly represent boundary cond i t ions , as
discussed in the preceding sect ion; examples, as implemented in s imulat ion,
would inc lude spec if ied-head. spec i f i ed-f low. and head-dependent flow cells
a long a model boundary. The d i s t i n c t i on as to whether these should he
cons idered boundary cond i t i o n s or sources and s i nk s i s one of t e rm ino logy ,
or ol the i n t e r p r e t a t i o n g iven to the sou r c e - s i n k term in the govern ing flow
and t r a n s p o r t e q u a t i o n s . Howev e r , w h e t h e r they are descr ibed as boundary
cond i t i ons or s i nk/source terms, boundary processes are represented in
s imu l a t i on as d i s cussed in Sect ion S 5.

I n t e r na l sources and s i n k s are those located in the in ter ior of the a c t i v e
flow doma i n . Examples inc lude wel ls , bur i ed drams , recharge, evapo t ran sp i r a -
t i o n . and surface water f ea ture s such as r i v e r s , l a k e s , or ponds . In t h r e e -
d imen s i o na l or c ro s s - s e c t i o na l s imu l a t i o n , processes wh ich ac t on ly at the
upper surface of the g r o u ndwa t e r reg ime , su ch as recharge , e v a p o t r a n s p i r u -
t i o n . a n i l l eakage to or Iron i s u r f a c e wa t e r f e a t u r e s , shou ld a c t u a l l y be
con s i d e r ed boundary cond i t i on s Aga i n , the d i s t i n c t i o n i s one o l t e rmmo l o g\ .
not o l the way these processes are r ep r e s en t ed i n s i m u l a t i o n . I n t h i s t e x t . v\e
fo l l ow the conven t i o na l approach of t r e a t i n g the s e processes as s ink source
t e rm s even t hough in c e r t a i n mesh c o n f i g u r a t i o n s t h ey mav be l im i ted to
boundary nodes.

The r e i s in fact no e s s e n t i a l d i l l erence in the way boundary cond i t i o n s
and in terna l sources or s inks are s imulated in most computer codes. l~or
examp l e , in MODH.OW and M [ 3 D . the procedures for s imu l a t i n g a we l l
can be used to represent an a c t ua l n i ] e c t : o n or e x t r a c t i o n we l l w i t h i n the
How doma i n , or can be used to imp l emen t a spec i t i ed- l l ow or spec i l i ed-mas s-
thi.x boundary cond i t i o n at a cel l on the model p e r ime t e r . Cer t a i n o t h e r
MHir c e s i nk proces se s are s im i l a r to the head-dependent flow boundary of
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equation (8-10) in the way they are simulated; in particular, outflow to drains,
flow between the groundwater regime and surface water bodies, and outflow
by direct evapotranspiration from the water table are usually represented in
this way. In these cases the linear relationship of equation (8-10) is usually
constrained to a certain range of flow values. For example, in the case of
evapotranspiration or flow to a drain, the function is limited only to outflow
from the aquifer, and a maximum outflow rate is normally specified; in the
case of seepage to or from a stream, a maximum rate of flow from the stream
into the aquifer is usually specified. However, within the specified range, flow
enters or leaves the model at a rate'proportional to the difference between
the calculated head at the model node and an external control head.

It should also be recognized that certain processes which are sometimes
thought of as solute sources are not hydraulic sources in the sense used in
the equations of flow and transport. In the example of Section 8.5 . 1 , in which
NAPL entrained in an aquifer is dissolved gradually by the natural
groundwater through the affected region, a source of solute exists but no
water is added to the system. In cases of this kind, the source may be
represented as discussed in Section 8.5. 1 , using one or more constant-
concentration cells, provided the NAPL pool is expected to persist over the
entire simulation period; or it may be treated through a dissolution reaction
term. Alternatively, the mass could be introduced by specifying a fictitious
injection well, where the injection rate is set sufficiently low that it does not
affect the flow field in any significant way. The concentration of the injected
water can then be manipulated so that the desired rate of solute mass inflow
is achieved.

8.6.2 Concentrations of Sources and Sinks
The concentration of the entering water at any internal source or potential
source must be specified in advance of simulation, just as for any boundary
cell which has the potential to act as a source. On the other hand, the
concentration of the water removed by an internal sink is usually set equal
to the calculated concentration of the groundwater in the cell containing
the sink. Thus a discharging well removes mass at a rate QwCa, where Qw isthe specified well discharge rate and Ca is the calculated concentration of thegroundwater in the cell containing the well; on the other hand, an injection
well supplies mass at a rate QWCS, where Cs is the concentration of the
injected water, which must be specified in advance. Similarly, the rate at
which solute mass is transported out of an aquifer by groundwater discharge
to a surface feature is taken as the product of the calculated concentration
in the groundwater and the calculated flow to the surface feature. For seepage
in the reverse direction, from a surface water body into an aquifer, a
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concentrat ion must be specified for the water enter ing from the surface
feature, unless conjunctive transport s imulat ion of the surface and ground-
water is undertaken. Evapotranspirat ion represents an exception to the
normal rule for a sink, in that evapotransp irat ion can be assumed to remove
only water, not solutes; thus the concentrat ion of water removed by
evapotransp irat ion is usually specified as zero.

The concentrat ion of wa t e r enter ing from a source is often unknown and
difficult to est imate . For example, if the source is seepage from a landfill
above the water table, a major effort may have to be made in characteriz ing
the complex chemical, biological, and physical processes operating within the
landfill in order to est imate solute concentrat ions in the seepage reaching
the water table. The concentrat ions of many types of source, moreover, may
vary with time, and specification of a constant value may thus not be
adequate. Figure 8-6 shows some general concentration-time functions which
have been used to character ize contaminant loadings from various types of
source.

It should also be noted tha t source concentrat ion is often one of the targets
of the model cal ibration process, as discussed in Chapter 10. Finally, no

(a) Pulse Loading. (b) Continuous Source Loading
at Constant Concentration.

(c) Continuous Source Loading
with Variable Concentrat ion.

(d) Continuous Source Loading
with Decaying Concentration.

I Kit RK 8-6. Examp l e s of func t ions used to cha ra c i c n?e con t am i nan t loading from a
shor t s h o r t - t e rm so l u t e input ( L I | or lout- term leakage ih . c . ;md d) (af t e r Domenico and
Schwar l z , 1990 ) . Repr i n t ed hv pernnsMon of John Vv' i l ev & Sons . inc.
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matter what approach is used to estimate source concentration, the results
will usually be subject to uncertainty. Some general approaches to the
problem of uncertainty are discussed in Chapter 11.

8.7 DATA MANAGEMENT
8.7.1 Preprocessing and Postprocessing
The process of preparing and assembling input data for a computer-based
numerical model is referred to as - preprocessing, while the process of
examining and presenting simulation results is termed postprocessing. The
volume of input data required by a multidimensional flow and transport
model, for a field site of even moderately complex hydrogeology, can be
prohibitively large. Efficient management of these data, and their translation
into forms which can be used by a simulation program, are an essential part
of any modeling effort of significant size. Postprocessing of simulation results
is equally important, if the maximum information is to be extracted from
the model output and the results are to be presented in easily understood
graphic or tabular form.

In general, preprocessing involves five basic steps:

1. Designing horizontal and vertical discretization schemes; assembling
spatial discretization data such as node spacing and layer thickness, and
setting up appropriate boundary conditions.

2. Assigning hydraulic and transport parameters to the nodes or cells. When
uniform parameters or simple zonations are not adequate, a computer
program for performing spatial interpolation may be used to obtain model
nodal values from measured data points.

3. Establishing a suitable temporal discretization scheme and setting up
initial conditions, if the problem requires transient simulation.

4. Assembling information on sinks and sources, including locations, specified
flow rates or specified hydraulic connections with the aquifer, and
specified solute concentrations.

5. Selecting a solution option and appropriate solution parameters.

Information prepared and assembled during the preprocessing stage is
generally arranged in one or more files containing a series of numeric or
character records which can be read by a particular model code. Preprocessing
is usually considered manual when input files are prepared according to the
instructions given in the user's manual for the model code, which may involve
the use of text editors, spreadsheet programs, or other software for general
data analysis and presentation. Preprocessing is usually described as automated
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when input files are prepared using computer programs or subroutines which-
have been specifically developed to simplify the input process of an existing
model. However, the dist inct ion between manual and automated preprocess-
ing is clearly a matter of arbitrary definition, as model users generally apply
all data processing tools available to them, and often write their own
programs to handle particular input needs.

Manual preparation of input files has certa in advantages. For beginners,
it forces them to become familiar with the input/output structures and
various options of a model code. This can be a frus trat ing process, especially
if the input structure and file formats of the model code are not well organized
and designed. However, the user may gain a better understanding of the
model code and its operation, and a better appreciation of the various
options; these gains can often outweigh the frustrat ion and time lost in
manual preparation of input files. For experienced users, the flexibility and
speed of manual input file preparation can be enhanced by using files created
for a previous model as templates. Manual preprocessing can also be made
more convenient through the use of commercial ly available software for data
analysis and presentation. One of the primary disadvantages of manual file
preparat ion is tha t changing the model grid after all input files have been
created can be both difficult and tedious without the help of specialized
software. A further d i sadvantage is that the detection of a simple typo-
graphical or format error in a manual ly created input file can sometimes
require significant time and effort.

Automated preprocessors are designed to fac i l i tate preparation of in-
put tiles by adding interfaces more user-fr iendly to model programs.
Early preprocessors were typical ly no more than a series of quest ion and
answer sess ions; apart from freeing the user from deal ing directly with
the format of input files, th i s type of preprocessor did l i t t le to enhance
model deve lopment . More recent preprocessors combine computer-a ided
design (CAD) and preprocess ing capab i l i t i e s , and can be of significant help
in the preparat ion of input f i les . Many of these process ing software pack-
ages, such as ModelCad (Rumbaugh . IW); PM (Proces s i ng MODFLOW)
(Chiang and Km/elbach. 1 9 4 3 ) ; and MOD1MF (Modular Integrated Modeling
Fnv i r onmen t ) (SSPA, 1 9 9 4 } fa c i l i t a t e model grid design by graphically
super impos ing the grid on a dig i t i/ed base map of the pro ject area. The
input and edit ing of aquifer parameter d i s t r i bu t i on s and s i n k/sour c e loca-
t i on s can also be done d irec t ly on a graph i ca l display of the dig it ized base
map. As preprocess ing sof tware packages become more flexible and powerful ,
i t is cer ta i n tha t they wi l l find more and more use in s imu lat ion pro jects .
Most preprocess ing so f tware packages are l ike ly to remain externa l to mam
s imu la t ion codes for ease of deve lopment and maintenance , although there
i s a lso a tendency to bui ld preprocess ing capabi l i t ies in to the s imulat ion
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codes themselves, as in the case of the FLOWPATH code (Franz and
Guiguer, 1990).

Postprocessing involves analysis and presentation of model simulation
results. Most numerical codes save simulated head or concentration distribu-
tions as a sequence of two- or three-dimensional arrays in text files. To
analyze or process these data and display the results graphically, one must
generally use either commercially available software for data analysis and
presentation, or specifically designed postprocessors. The following are some
of the most useful kinds of information or information display which can be
derived from the output of a flow or transport model through postprocessing:
1. Residuals and relevant statistical measures describing the differences

between observed and calculated heads or concentrations at observed
points; this information is required during model calibration.

2. Hydrographs or concentration breakthrough curves at well locations of
interest, if the simulation is transient; these are used both for calibration
and for presenting the model response at specific locations.

3. Head and concentration contour maps for all or part of a model layer,
or for a specified vertical cross section.

4. Local flow and solute mass budgets for regions enclosed within specified
boundaries or for certain sink/source locations (while most flow and
transport models provide a summary of global flow and mass budgets, it
is often desirable to examine flow and solute mass budgets on a local
basis).

5. Pathlines, arrival times, and extent of capture zones at selected times.
For most modeling applications, the time and effort spent on preprocessing

and post processing of data far exceed that spent on other project activities.
The continuing efforts to develop more intuitive and more user-friendly
preprocessing and postprocessing capabilities have prompted both interest
and concern in the groundwater modeling community. While a user-friendly
interface increases efficiency and boosts productivity (e.g., van der Heijde,
1992), one can argue (e.g., National Research Council, 1990) that the
availability of such interfaces may encourage the inappropriate use of models
by unqualified personnel. There are clearly merits to both views; however,
whether perceived as desirable or not, the continued development and
expanding application of automated preprocessing and postprocessing software
appears to be inevitable. As with any developing technology, minimizing
misapplication will be largely in the hands of the user community. The most
important principle is to treat the user-friendly interface as a means to
enhance efficiency and productivity, rather than as an excuse to use the model
as a black box.
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8.7.2 Geographic Information Systems (C IS )
Rapid development in computer hardware and software technology has
resu l ted in new and improved tools, wh ich could drast ica l ly change the way
groundwater modeling is done today. One of these tools is GIS. or
Cu'Oiiriipliic Inl'ornuition Sv.sft 'w. wh i ch is essent ia l ly a computer software
package for storage, manipulation, and display of data characteri/ed by
geographic coord inate s . A GIS . which combines data base management ,
geostat ist ical analysis, and graphical display, can serve as an integrated
env i ronment in which field data are analyzed and checked, and the conceptual
model formulated and updated. Linked by an interfacing program, the field
da ta and conceptua l model can be conver ted d i r e c t l y by the GIS to the input
data files lor a groundwater model. The model simulation results can. in
t u r n , be re t r i eved by the GIS for ana ly s i s and graphica l presentat ion . Whi le
GIS tools are not widely used in groundwater modeling today because of
t h e i r re l a t ive ly high costs and ex t e n s i v e hardware requ irements , i t i s expected
that they will become an indispensable part of modeling application in the
future .

Harris et al. ( 1 9 X 9 ) describe the use of a GIS system with a three-
d imens iona l f in i t e-e l ement flow, energy, and so lu te t ran spo r t code (CFEST)
in flow and transport simulation of the San Gabriel Basin in California.
Or/ol and McGraph ( 1 9 9 2 ) discuss the modif icat ion ol 'the USGS MODFL.OW
code for l ink ing with the commonly used GIS package ARCTNFO. Van
der l l e i j d e ( 1 9 9 2 ) d i scusses the genera l procedures and special cons i dera t i on s
involved in the use of the GIS system in groundwater modeling. Maidrnent
( 1 9 9 3 ) pre sen t s a summary on the s t a t e o l GIS for surface water and
i i roundwater modeling.
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model calibrated to a contaminant plume of a certain size may not accurately
simulate smaller or larger plumes, such as is required to show plume remedia-
tion. Since dispersion is more limited in the vertical than in the horizontal
plane, it is better to approximate a transport problem by a two-dimensional
horizontal-plane model than by a two-dimensional vertical-plane model,
solely from the standpoint of dispersion simulation.

Errors originating in simplification of the natural system are often mis-
takenly balanced by modifying dispersion coefficients or other model para-
meters. For example, vertical contaminant migration due to density effects
may be poorly represented by increasing vertical dispersiviry. Clean surface
recharge may also be mistakenly invoked to generate the same apparent pre-
dicted concentration distribution as for a density-driven plume. The distorted
model will produce different conclusions than a realistic model, even though
the distorted model may provide "realistic" predictions for one set of con-
ditions and point in time. The errors introduced by preparing a simplified
model should be assessed in comparison with errors or uncertainties built into
the model.



8 Applying Numerical Models

Numerical modeling is the most commonly used form of groundwater model-
ing analys is . The strength of numerical models is their ability to tie together
data and physical principles into a coherent and useful picture of a site. Their
weakness is the i r ability to hide gaps, errors, or misunderstandings inside a
cloak of technical respectability. A model contains many levels of in formation
at different scales, and different users will extract different results to fit their
needs. Models are one of the best accompaniments to a characterization pro-
gram in evaluating site condit ions.

This chapter explains the steps usually required to prepare a real i st ic s i te-
specific model (Figure 8 . 1 ) . The steps of developing a numerical model,
together with the related ramifications to the model predictions, are presented
in the order they are normally undertaken . The emphas i s of the following sec-
t ions is on the pract i ca l everyday uses of models ra ther than on experimental ,
research-oriented, or untested approaches to model ing analyses. Many points
tha t have been examined in previous chapters are reflected in th i s chapter to
form one comprehensive review of model application. Additional guidance is
provided in ASTM Standard D 5447-93 (ASTM 1993 ) .

8.1 COMPILING DATA

The first step of a model study cons i s ts of co l lect ing and evaluat ing re levant
data on the flow system under inves t i ga t ion . Input data for the model are
used for:

• Problem def in it ion (mater ia l properties and geometry of hydraulic
un i t s )
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Figure 8.1 The groundwater modeling process.
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• Numerical requirements (initial conditions, boundary conditions, and
trans ient conditions)

• Modeling requirements (calibration, validation, and definition of alter-
nate scenarios).

Input data for a variably saturated, variable-density, flow and transport
model are summarized in Table 8 . 1 . Data are separated into data defining the
physical framework of the flow system and data defining groundwater re-
charge and discharge. An additional list of data needs and likely sources is
given in subsection 8.4.5. Typical values for many of these input parameters
are summarized in Appendixes B. C. and D.

Related groups of data should be summarized in the form of maps or plots,
at a suitable scale and level of detail, overlaid on a suitable base map. A set of
maps (see Figure 8.2) may comprise:

• Topographical map at a suitable scale depend ing on th e ground waler sys-
tem to be modeled. A simplified topographical map or map of significant
site features can serve as the base map on which other data are over-
laid.

• Hydrological map and/or vegetation map showing all surface water
bodies such as lakes, streams, ponds, or channels . Springs, wetlands, and
swamps can be included. The map should provide a clear picture of the
surface drainage system. Morphological features can also be plotted on
this map.

• Map indicating all wells and boreholes made for geological surveys,
water supply, and site characterization. A suitable well or borehole iden-
t if icat ion will relate these elements lo a separate database compris ing
related data such as well coordinates, screened interval, and other well
design data.

• Geological map(s) together with cross-sect iona l plots or fence diagrams
(Figure 8 .3 ) . Geological maps should show information such as faults,
thickness and elevation of strata, depth of stream channels and changes
in rock types. This informat ion then can be related to groundwateroccur-
rencc and movement, possibly allowing identification of the hydro-
strat igraphy.

• Maps showing measured groundwaier head d i s t r i bu t i on s at d i f ferent
t imes The interpreted potentiometric surface and monitor well locations
are included on these maps.

• Land use map showing agricultural areas, recreational areas, industr ia l
areas, irr igat ion canals and so forth. This map can be used in con junction
\v i th the hydrological map to de l ineate recharge/discharge areas

• Concentrat ion d istr ibut ion maps in horizontal and vertical planes, for
s evera l l imes , together with source locations. Historic land use maps or
a e r i a l photographs can a l so help w i th source i d en t i f i c a t i o n .



TABLE 8.1 Typical Model Input Data
Physical Framework

Aquifer type Topography
Geology
Stratigraphy
Aquifer geometry (Base, thickness, lateral extent)
Lithological variation within the aquifers

Aquifer characteristics Hydraulic condudivity/anisotropy
Porosity
Conductivity/Pore pressure relationship
Saturation/Pore pressure relationship
Specific yield
Specific storage
Dispersivity (for transport modeling)
Soil bulk density (for transport modeling)

Aquifer boundaries Location
Prescribed head
Prescribed flux
Semipermeable boundary (Leakage factor, head in

adjacent system)
Hydrological Boundary Conditions
INmAL WATER LEVELS/GRADIENTS

Internal inflow/outflow Recharge/discharge (Area. rate, duration)
Extraction or injection wells (Location, rate.

duration)
Exchange with surface water (Surface water elevation.
base of surface water, leakage factor)

Groundwater Quality Boundary Conditions
Land use Industrial, agricultural
Aquifer environment Groundwater chemistry

Background values of solutes/contaminants
PH

Source Location
Area
Source conceniration
Volume
Duration

Contaminant Solubility
Density
Viscosity
Henry's law constant
Octanol-water partition coefficient
Diffusion coefficient
Adsorption isotherm
Decay rate
Biodegradability
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Figure 8.2 Preparation of data in maps linking data in information layers.
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Ground surface elevation 0.17
0.19

Layer
containing
saltwater
Clay layer wHh
sand beds

Deep aquifer sy»tem
Clay layer with
sand beds

0.13

0.32

Figure 8.3 Fence diagram to illustrate stratigraphy.

• Additional maps might include structure-contour maps of aquifer base
elevations or aquifer and aquitard isopachs, elevations of top and base of
hydrogeologic units, thickness of units, hydraulic conductivity or trans-
missivity distributions, evaporation and rainfall contour maps, vertical
hydraulic gradients and flow-direction maps.

Figure 8.2 shows a set of such maps overlaid as layers.
Model design, data collection and review often occur at three scales (Figure

8.4). At a regional scale, information is gathered to identify and define suitable
model boundaries. Data at a local scale are reviewed to estimate the area
within which accurate predictions are required. The actual size of the model



area of prediction < model area < regional domain
Figure 8.4 Collet- l ing inpul d a t n nl d ifferent scale .
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domain then ranges somewhere between the area of prediction and the re-
gional boundary. Once the model domain is designed, future data evaluation
concentrates on this area.

8.2 DEVELOPING A CONCEPTUAL MODEL
The second step in a modeling study is developing a conceptual model. A con-
ceptual model is an idealization of the real world that summarizes the current
understanding of site conditions and how the groundwater flow system works.
It embodies all of the important features of the flow system, while incorporat-
ing simplifying assumptions. The three purposes of developing a conceptual
model are:

• Develop a better understanding of site conditions, and be able to com-
municate this understanding.

• Define the groundwater problem for development of a numerical
model.

• Aid in selecting a suitable numerical model.
The development of an appropriate conceptual model is the key to a suc-

cessful modeling study. The conceptual model will evolve with the addition of
new data; the first conceptual model may not be the last The term "conceptual
model" is sometimes used to refer to the entire conceptual model, model selec-
tion, and model setup process. These other aspects of developing a site-
specific model are discussed in the following sections of this chapter.

The conceptual model is the point where all relevant ideas are incorporated
into an idealization of reality. Concepts that initially appear farfetched can be
saved for future consideration ifthe first conceptualization fails. Aconceptual
model cannot be approached logically, step by step. However, the following
questions may be used to get the process started:

• Is the physical system understood well enough to be cast into to a
model?

Have field data been interpreted and cast into a useful format?
Is there consensus about the flow system and geologic setting?

• What are the technical (and also perhaps political, economic, or legal)
issues to be addressed?

Can they be answered by modeling analyses?
Do the technical issues require a high degree of accuracy in pre-
dictions?

• What are the physical and chemical processes that should be incor-
porated?

Confined and/or unconfined conditions?
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Saturated and/or unsaturated flow?
Miscible or immiscible transport?
Geochemical reactions or decay?
Density-dependent flow and transport?

• How many dimensions are needed in the model, and which dimensions
are the most appropriate?

Heterogeneity and/or anisotropy or multiple aquifers?
Point or areal sources or sinks?
Density-dependent or bouyant flow and transport?
Remediat ion to be simulated?

• How will the model be cal ibrated?
• Is a modeling analysis acceptable to all parties involved?

Modelers and technical team?
Clients or reviewers?
Regulatory personnel?

• Will modeling be cost-effective at this s i te?
Could analytical or mass-balance models suffice?
Will addit ional field data be required anyway and make a modeling
analysis superfluous?

Once you cons ider quest ions like these you can develop (he conceptual
model. The three steps in developing a conceptual model are (1) explore and
summarize the key mechanisms governing groundwater flow and chemical-
species transport at the s ite. (2) develop (he assumpt ions and s impl if icat ions
required to make the real s i tuat ion tractable to analysis, and (3) es tab l i sh the
framework of the model (number of dimensions, type of model).

The conceptual model itself may take various forms. Different approaches
are su i ted to different flow systems and model object ives . Figure 8.5 i l lu s trates
different types of conceptual models:

• Flow diagram indicating the interactions between different elements of
the problem (Figure 8.5o).

• Mass-balance summary (Figure 8 .56) .
• Geological cross sect ions labeled with key processes (Figure 8.5r) .
• Three-dimensional diagram summarizing site conditions (Figure 8.5J)

This stage in a model ing analys is is difficult because it involves col lat ing
and interpret ing many disparate pieces of information, together with various
opinions and experience from other sites, into a cohesive picture capable of
being analyzed numerica l ly . Inexper ienced modelers may need to seek ex-
perience with comparable s i t e s from other modelers, hydrogeologists, hy-
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Figure 8.5 Conceptual model examples.

drologists, or project managers. Factors that modelers often overlook during
this process of model development include:

• Effect on transport calculations of selecting too few dimensions (see
Chapter 7).

• Neglect of significant transport in bedrock, or other low permeability
units, despite negligible flow (see example case in Appendix A.5).

• Underestimation of pollutant source quantities based on observed dis-
solved concentrations (see subsection 8.4.5).

• Neglect of density effects (see Section 3.3).
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The observed behavior of a contaminant plume may demonstrate the key
factors to consider when developing a conceptual model. For example:

• A plume with multiple high-concentration zones may indicate a pulsing
source, multiple sources, aquifer heterogeneity, and so on.

• A plume with high concentrations at depth may indicate density effects.
clean surface recharge, or fracture flow.

• A plume that has not migrated substantially may contain chemical
species strongly retarded due to sorption, chemical reactions, decay,
degradation, or volatilization.

• A plume in which bacteria density correlates with chemical concentra-
tion may indicate a biodegradable contaminant

• A plume that migrates at the base of an aquifer or along the slope of the
bedrock, rather than in the direction of ground water flow may indicate
density effects.

Review of the modeling approach that you developed, with all interested par-
ties, on completion of the conceptual model helps to ensure overall model
acceptance.

8.3 SELECTING A MODEL CODE
The third step in the modeling process is to select a code. The process of select-
ing an appropriate numerical model is discussed in various papers and re-
ports, including van derHeijde and Park ( 1986) and Bond and Hwang(1988).
The selection process cannot be entirely rationalized, and often involves non-
scientific issues, but general considerations are listed in the following subsec-
tions. The selection approach discussed in these sections has been developed
with and for the U.S. Environmental Protection Agency (EPA), and has been
successful in gaining model acceptance in many projects in the United
States.

8.3. 1 Defining Model Objectives
Objectives criteria are used to distinguish models designed for general studies
from those designed for detailed analysis. In groundwater transport the objec-
tives of general studies are to:

• Develop understanding of the main factors governing contaminant
transport at a particular site.

• Rank sites by means of quick, simplified analyses.
Such studies may be used in the init ial stages of a modeling study, or when

site-specific data are sparse, or when general, worst-case or relative con-
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elusions only are required. Models selected on the basis of these objectives
include analytical models, analog models, empirical models, mass-balance
models, and simple numerical models.

The objectives of detailed modeling studies are to:
• Identify data gaps and guide the field program (including placement of
monitoring wells).

• Predict the present and future concentrations in groundwater.
• Compare the effectiveness of remedial alternatives.
• Characterize source areas and release history.
• Optimize remediation, engineering design, or monitoring network.
• Characterize uncertainty and/or perform cost/benefit analyses to sup-
port management decisions.

• Assist with negotiations or litigation by providing a focal point for dis-
cussions.

Numerical models are often selected for application in a detailed modeling
study because they can simulate a more realistic and detailed picture of the
site. The predicted results are correspondingly more specific and reliable.
Detailed studies may be regional or local in scale. A regional study may
address questions such as basinwide water management, travel time to and
concentrations at distant points, and the effects of external factors (e.g., other
well fields, other pollutant sources, neighboring flow systems, and water
bodies) on flow and transport. A local study might address questions such as
planning a monitoring network, flow and transport adjacent to pollution
sources, and designing remedial alternatives. Local models generally produce
high-resolution results in time and space, whereas regional models may
define general trends and may incorporate local models into a wider frame-
work.

8.3.2 Selecting • Model on Technical Criteria
Technical criteria are used to match site characteristics with a model of
appropriate capabilities. The chosen model should be capable of adequately
representing the governing flow and hydrogeology processes and hydro-
stratigraphy of the site, as far as is known. These governing processes may
include:

• Flow conditions (confined/unconfined, horizontal/vertical, saturated/
unsaturated).

• Stratigraphy.
• Variations in time and space of boundary conditions (e.g.. recharge and
discharge) and contaminant sources.

• Porous, fractured, or karstic media.
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• Spatial variations of material properties (both natural and engineered
properties).

• Single or multiphase flow.
• Flow or transport affected by fluid density or temperature.

8.3.3 Implementing the Model
If several selected models satisfy the objectives and technical selection cri-
teria, then one can use implementation criteria to narrow the choices. Im-
plementation criteria involve the following considerations:

• Has the model been peer-reviewed and is it available for further review, or
is it a research model or closely held proprietary model unavailable to
public agencies or third parties?

• Is the model well-documented and are users supported?
• Has the model been verified against results from analytical solutions,

laboratory results, other verified models, and field data?
• Has the model been applied successfully at similar sites?
• Is the model easy to implement on available computer systems and

relatively easy to use by the modeless)?
• Does the model have a good track record of acceptability to reviewing/

regulatory agencies, and do peer reviewers and experienced users regard
the model favorably?

The objectives, technical and implementation criteria can be summarized
as four key questions:

• Can the model adequately simulate site conditions?
• Can it satisfy the objectives of the study?
• Is the model verified and reasonably well field tested?
• Is the model well-documented, peer reviewed, and available?
Sometimes application of all these criteria will disqualify all known mod-

els. Usually the choice of the "best" model consists in a compromise among
the criteria listed above. Today a considerable number of practical models are
available. Hence model selection should be based on the selection criteria
rather than on subjective arguments such as familiarity with.or availability of,
a specific model.

8.4 SETTING UP A MODEL
Model setup is the fourth step in the modeling process. Model setup and cal i-
bration often constitute 50% to 70% of the total modeling effort. Model setup
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enta i l s select ing the model domain, discret iz ing data in space and time, defin-
ing boundary and init ial conditions, and assembl ing and preparing model
input data. Choice of the domain and discretization affecl the physical and
numerical resolution and level of effort (cost ) of the modeling study.

8.4 . 1 Selecting a Model Domain

Selection of the optimum model domain involves balancing the following
factors:

• The domain should cover the entire area of interest , including areas t h a t
may be affected by future chemical-species transport, and should encom-
pass the effects of internal disturbances (e.g., aquifer pumping or injec-
t ion, or seepage from impoundments) . Future transport can be roughly
est imated by calculat ing transport velocities and retardat ion factorsorby
analytical solution. If the entire chemical-species plume is not included
in the model domain, overall mass balances will not be avai lable.

• The boundaries of the domain should take ad vantage of natura l ground-
water boundaries such as rivers, lakes, drains, ground water divides, edge
of aquifer , boundary between adjacent pumping centers , coast l ine ,
groundwater recharge/discharge area or boundary location distant (in
hydrologic terms) from the area of interest . Note tha t rivers, lakes, and
dra ins are not always groundwater boundaries and that groundwater
divides may move over time or with depth.

• The model domain should be oriented paral le l to the primary ground-
water flow direct ion (at least in the area of primary interest , e.g., highest
concentration plume) to reduce numerical dispersion (see also Section
6.3 ) .

• Avai lab le da ta should adequately define condit ions throughout the do-
main selected.

• Domain size should be minimized to reduce computat iona l effort.

Frequent ly the ideal domain size for a groundwater flow problem is much
larger than the domain required for a groundwater transport model. In this
case a sequence of two models (see also subsection 7.2 .6) . a problem-oriented
f in i te-e lement grid (see also Section 6.3) . or a compromise between the two do-
main sizes mav be selected.

8 .4 .2 Discret iz ing a Model in Space and Time

This sect ion discusses the factors that commonly affect the se lect ion of model
d i s cre t i zat ion . Table 8.2 l ists these factors and how they generally affect selec-
t ion of the model grid.
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TABLE 8.2 Common Factors Affecting Model Discretization
Factor Aspect of Model Discretization Affected
Modeling objectives
Area and duration of interest
Location of sources and sinks
Heterogeneity and anistropy
Particle velocity and retardation
Natural boundaries
Numerical stability
Numerical accuracy
Computational effort
Resolution of flow field
Resolution of concentration
distribution

Domain size and areas of finer resolution
Domain size
Finer discretization zone
Orientation and refinement of grid
Cell size and domain size
Limit on cell size to simulate boundary
Limit on ratio of cell sizes
Limit on cell sizes
Limit on total number of cells
Finer discretization where high gradient
Finer discretization where high gradient

We can select the time and space discretization, that is, the time steps and
cell (element) sizes, for numerical models by optimizing the following aims
(listed in order of importance):

• Enhance model solution stability and convergence.
• Increase model resolution.
• Minimize numerical dispersion.
• Minimize computational requirements for memory, storage, and run-

time.
How to meet these aims by the choice of appropriate model discretization is
discussed in this section.

Model solution stability and convergence can be improved by the selection
of time steps and calculation-mesh cell sizes that are consistent with one
another (see Chapters 5 and 6 for related stability considerations). For exam-
ple, it can be shown that for a two-dimensional, unsteady flow problem,
stabil ity will be ensured by the following condition (Bear and Verruijt
1987):

0 < dt < 2T (dx2 + dy2) (8 . 1 )

where

5
T

= storativity in |1/L]
= transmissivity (of aquifer or cell, depending on dimensions of

model) in [L2,T]
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d\ = cell width in the jr-direction in [L]
dy = cell width in the y-direction in |L)

Other criteria are presented below.
Accurate predictions require selecting a cell size sufficiently fine to repre-

sent local var iat ions in hydraulic head or concentrations, and defining t ime
steps small enough to represent temporal variation of conditions. While vari-
able cell sizes allow for greater flexibility, highly variable cell sizes can in-
troduce a loss in accuracy (Bear and Verruijt 1987) and stability.

Numerica l dispersion, or unnatura l spreading of a chemical-species
plume, occurs due to the neglect of higher-order terms in the Taylor series
expansion of the finite-difference or finite-element formulation of the govern-
ing equations. It can also occur due to inappropriate space or time discretiza-
tion. The potential for numerical dispersion varies with alternate schemes for
approximat ing lime and space derivatives. We can minimize unwanted dis-
persion by select ing appropriate calculation-mesh cell size, mesh orientation,
and size of time steps. The following subsections discuss how to make ap-
propriate selections. We lest for the existence of numerical dispersion by
applying a finer mesh and time step and comparing the coarse and fine-scale
predicted results. Computational efforts are minimized by reducing, as far as
possible, the total number of calculation cells and time steps in a given
ca lcu lat ion . Minimiz ing computat ional effort is counter to accuracy re-
quirements, and a compromise must be made, with accuracy in the area of
interest being the primary goal.

In discret iz ing a model, the orientat ion of the model, space discretization
and time discret izat ion must be considered. These selections are discussed in
the following subsections.

Orienting the Model Grid
The orientat ion of (he model grid, which most often naturally accommodates
all of the factors influencing choice of or ientat ion, is a mesh-oriented parallel
with the large-scale geologic features. In nearly all cases the optimum model
orientation does not coincide with primary compass directions, roads, or
plant boundaries . The following factors affect mesh orientation (in order
of importance):

• Hydrologic, hydrogeologic, and geologic features at the site. Representa-
t ion of key features such as rivers, streams, impoundments, faults, and
other natura l boundaries can be simpl if ied through appropriate orienta-
t ion of the mesh. For example , a fault zone tha t affects groundwater flow
is best represented by cells oriented para l l e l and perpendicular to the
fault .

• Predominant groundwater flow direction. Numerica l dispersion due to
the groundwater velocity being spl it into components paral lel to the
ca lcu lat ion-mesh axes is min imized if the mesh is or iented along the
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direction of predominant groundwater flow. If the flow direction varies
within the model domain, alignment of the calculation mesh with the
flow direction in the primary area of interest is optimum.

• Anisotropy of hydraulic properties. Since the hydraulic conductivity is
expressed in the model as components aligned with the axes of the
calculation mesh, inaccuracies are reduced by choosing a mesh oriented
coincident with the conductivity tensor.

Choosing the Model-Grid Cell Size
Selecting the model grid is comparable to selecting a net for fishing; the
openings in the net must match the size of the "fish" (heterogeneities and pre-
dictive details) to be captured. This is illustrated in Figure 8.6, which shows an
example borrowed from atmospheric modeling. Figure 8.6 shows a sequence
of three different discretizations of world topography. Using a grid of 500 by
500 km, mountain ranges are barely identified. However, a grid of 100 by 100
km allows land elevations to be distinguished in far greater detail.

Consider the following factors when choosing a model grid:
• Degree of heterogeneity in hydraulic or transport parameters, and in

boundary conditions.
• Model domain size.
• Predicted resolution required to meet modeling objectives.
• Restrictions imposed by computational resources.
Similar constraints apply to vertical discretization, with the added con-

sideration ofstratification due to density effects, recharge, and shallowordeep
sources or sinks of water or contaminant. In general, the accuracy of the pre-
dicted results improves with finer calculation meshes, butcomputational time
and space requirements increase correspondingly.

For transport problems, as demonstrated in Section 6.2, the cell size that
minimizes numerical dispersion can be calculated using the cell Peclet num-
ber (Pe) which is the ratio of the advective to diffusive terms in the transport
equat ion. The cell Peclet number is defined as thedimensionless ratio (Equa-
tion 6 . 1 1 )

^pe = — —— (g.2)

where
vv = particle velocity in the ̂ -direction in |L/T]
dx = cell size in the x direction in (L)
£>v = dispersion coefficient in [L2/TJ.



Figure 8.6 Discret izat ion of (he world topography using decreasing grid spacing
(af ter FAZ. Jun e I . 1994) .
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Since the dispersion coefficient can be defined empirically as
Dx = v,a, (8 .3)

where ax is longitudinal dispersivity in the jc-direction [L], the Peclet number
can be rewritten and the Peclet criterion can be defined as

dxPe = —— < 2 (8.4)

To ensure numerical stability and minimize numerical dispersion, the cell
Peclet number should ideally be no greater than two (Pinder and Gray 1977);
that is, the cell size should be no larger than twice the dispersivity. Since the
dispersivity is a measure of the characteristic length of heterogeneities of the
system, this criterion also makes physical sense. In practice, the Peclet number
constraint is often relaxed outside the area of interest, where lower predictive
accuracy is acceptable.

For unsatu rated flow the Peclet number criterion has been shown to be
nearer 0.5 (El-Kadi and Ling 1993), implying the need for a finer mesh in
unsaturated analyses. Confusingly, the term "Peclet number" is also some-
times used to describe the ratio of dispersive to diffusive components of the
transport equation (Bear 1979).

The use of geostatistical methods, such as kriging, to estimate data between
data points is discussed in subsection 8.4.5. If model input data are being
kriged to provide interpolations, then the associated semivariogram may be
used to select an appropriate cell size. The cell size can be related to the range
of the semivariogram:

dx < 0.3 range of semivariogram (8.5)

Mesh resolution should be finer in areas of large hydraulic or concentra-
tion gradients, and in the vicinity of features of particular interest (pumping or
injection wells, rivers, sources of contamination, etc.). The mesh may be
relatively coarse in areasof small gradients, in areasofless interest, orin areas
where data are sparse.

The appropriate ratio of the lengths of the cell sides (cell aspect ratio) is
calculated by comparing the travel time across the cell in each direction.
Ideally the ratioof travel times should be unity, though ratiosof up to 10 : 1 may
be used without introducing significant error. In general, the greater the
variability in cell size, the greater is the computational effort required in
generating a convergent solution. Gradual variation in cell sizes, for example,
cell size increases between adjacent cells no greater than a factor of 1 .5 , will
facil itate model convergence, increase stability, and reduce inaccuracy. A
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sample calculation mesh and the criteria used in generating it are shown in
Figure 8.7 and Table 8.3.

Space discretization can be more flexible in FE models than FD models
because FE models are not constrained to a rectilinear grid and can conform
more closely with the geometries and flow directions in the model. A carefully
designed FE model can satisfy most space discretization requirements using
fewer elements than an FD model. In FE models each node and element must
be numbered. The FE numbering scheme has no effect on model accuracy,
but it does strongly affect the storage requirements and execution time. The
bandwidth of the coefficient matrix is linked to the node numbering scheme,
and model execution time is proportional to the square of the bandwidth:
Bandwidth = 2 X (largest difference between

node numbers for any element -f- 1) (8 .6)

2 34 6 8 7 8 6 10 20 X 40 60 BO 70 K
Prescribed flux (recharge/dischar

IncrMtlng grid spacing

Prescribed flux (recharge/discharge) bou
10.000 JO.OOO 30.000 40.000 50.000 60,000 70,000 80,000

Wxt-vw #>t»nc« In to*

Figure 8.7 Example calculat ion grid-grid seleclion cr i ter ia



TABLE 8.3 Example Calculation Grid-Grid Selection Criteria for Figure 8.7
Category of Criterion Criterion Purpose of Criterion Model Grid
Orientation of calculation grid Along primary flow direction
Location of boundaries

Cell aspect ratios
Cell Peclet number

Cell Courant number

Using suitable boundary conditions
Far from area of prediction
Encompasses plume
\:\0<Ax:Ay< 10:1
Pe < 10
At < travel time across cell

Concentration gradients and Fine cells near ponds and sources
hydraulic gradients

Smoothness of discretization 0.5 < (Axn: Axn^.]) < 2.0
Total number of calculation Minimize number of calculation
cells cells

Minimize numerical dispersions
due to grid orientation

Prevent boundary effects from
influencing solution

Minimize convergence problems
Minimize numerical dispersion due to

space discretization
Minimize numerical dispersion due to

time discretization
Maximize numerical stability
Resolve relatively steep gradients
Minimize convergence problems
Minimize calculation time

Yes

Yes

0. 125 < Ax: Ay < 8:0
Pe < 5 in area of plume
(Pe up to 37 at boundaries)
Not relevant in steady-state
calculation

Yes
Yes
8282 cells
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The bandwidth can be minimized by numbering nodes sequentially along
the shortest grid distance, as shown in Figure 8.8. In this example, numbering
nodes sequentially along the horizontal yields a bandwidth of 9, whereas
numbering vertically yields a bandwidth of 5. Numbering is more complex in
real field studies. An example of grid numbering for a field application is also
presented in Figure 8.8. Element numbering may also be done so as to group
consecutive elements in the data input file. For example, in layered models,
element numbering may follow material layers so that consecutive elements
have the same hydraulic properties.

Selecting Time Step Size
Two kinds of time interval are used in models: stress periods (during which
boundary conditions are constant and between which boundary conditions
vary) and t ime steps (during which model calculations are made). This section
discusses lime step selection. Time steps are required for transient calcula-
tions. Factors affecting choice of time step include stabil ity considerations,
numerical dispersion in transport calculations, time variation of boundary
condit ions and time-related modeling objectives. In general, the smal ler the
time step, the more accurate are the predicted results. Too small a time step
results in excess ive computation time, while too large a t ime step results in an
excessive number of iterat ions required to reach a mass-balanced solution,
and possibly numerical dispersion or instability.

Criter ia for selecting lime steps for both flow and transport calculat ions are
presented below. A typical approach to selection of spatial and temporal dis-
cret izat ion is to use the dispersivity to select mesh size, and to use th i s mesh
s ize to calculate an appropriate time step.

The time step (dt) that minimizes numerical dispersion can be calculated
us ing the cell Courant number (Co): the ratio of the advective to t ime-
dependent terms in the t ranspor t equat ion. The cell Courant number, and
Couran t c r i t e r i on , are defined as the d imens ion less rat io (see also Equa-
tion 6.8):

dtCo = dx < 1 (8 .7 )

To min imize numerical dispersion and maximize numerical stabi l i ty, the
cell Courant number should be no greater t han unity for the smal lest cell (P in-
der and Gray 1977) . This criterion can be interpreted physically as a restriction
that transport of a partic le across a cell should occur in one or more t ime steps
(Bear and Verruijt 1987). For nonl inear problems the choice of t ime step is
cr it ical because the stabil ity of the solution is even more sens i t ive to t ime step
s ize than is the case for l inear solut ions . Alternate forms of the Courant num-
ber have been proposed for unsaturated flow problems (El-Kadi and Ling
1993) .
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Errors arise in the model predictions due to truncation, as discussed in sub-
section 8 .4 . 1 . These errors must decrease over the course of the calculations or
the predictions will become unstable. For an unsteady flowproblem, solved by
an explicit finite-difference approximation. Equation 8.1 presents the condi-
tion for stability linking time step and cell size. In addition, time steps should
be small during times of changing hydraulic or concentration boundary con-
ditions, such as initiation of water withdrawal (Figure 8.9) or initiation of con-
ta minant sources. Gradual variation of time steps throughout the calculations
will facilitate model convergence and improve model stability.

8.4.3 Defining Model Boundary Conditions
A model boundary is the interface between the model calculation domain and
the surrounding environment. Boundaries occuratthe edges of the model do-
main and at other points where external influences are represented, such as
rivers, wells, leaky impoundments, or chemical spills and so forth. Boundary
conditions are expressions of the effect of the external world on the model do-
main, and they are required to complete the description of a flow or transport
problem. The mathematical expression of the boundary condition is required
for a well-posed problem. There are three major types of boundary conditions,
all of which may vary with time (Table 8.4). These boundary conditions each
have differing degrees of constraint upon the model solution, and implica-
tions to the ease of developing a balanced model solution.
Understanding Hydrologic Boundary Conditions
Commonly encountered hydrologic boundaries, include surface water bodies,
seepage faces, water table, impermeable boundaries, recharge boundaries,
and local sources or sinks. Each of these boundary conditions is discussed
below.

Surface water bodies, such as rivers, lakes, canals, sea coast, impound-
ments, and drains, can be represented by prescribed pressure or prescribed
flux boundaries. A prescribed pressure (or head) boundary is appropriate if
the model calculation cells are small enough to define the volume of the sur-
face water body accurately, the head in the surface water is known, and any
intervening hydraulic resistance can be defined. This boundary condition is
useful when the groundwater or surface water levels are subject to fluctuation,
s ince the resulting flux between groundwater and surface water will be cal-
culated rather than prescribed. A prescribed flux boundary is appropriate if
the flux between surface and groundwater is known.

Seepage faces adjacent to surface water bodies or along drains, tunnels, and
(he like, may be represented by specification of the head or pressure in the sur-
face water in combination with model cells of high hydraulic conductivity
(relative to the aquifer) in the air adjacent to the potential seepage face.
Seepage flow may be controlled by the presence of a semipermeable layer, in
which case a third-kind boundary condition is applicable.



TABLE 8.4 Model Boundary Conditions

Boundary Type Boundary Name
Hirst kind, or Dirichlet

boundary

Second kind, or
Neumann boundary

Third kind, or Cauchy
boundary

Prescribed pressure.
hydraulic head or
concentration

Prescribed flux of head or
concentration

Semipermeable or head-
dependent flux

Common Applications Constraints on Solution
Effects of Boundary

Condition on Solution
Lakes, rivers, springs.

constant-head wells.
seepage faces

Impermeable boundary, water
divide, streamline.
infiltration, evaporation.
sinks, and sources

Leaky rivers, drains, seepage
faces

Most constrained

Moderately constrained

Least constrained

Easiest to solve

Moderately difficult to
solve

Most difficult to solve
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r^i The water-table location may be a prescribed pressure boundary in models
;.;-• •" restricted to vadose-zone or confined-aquifer simulations. The water table is

the surface at which pore-water pressure is equal to atmospheric pressure
(usually assumed to be zero pressure) or the hydraulic head is equal to the
elevation head.

Impermeable boundaries, such as groundwater divides, boundaries parallel
to flowlines, or impermeable fault zones, can be represented by a special case
of the prescribed flux condition—a zero-flux boundary. Low-permeability
zones, such as aquitards, slurry walls, and liners, can be represented by low-
permeability cells, with the provision that .al least two model calculation cells
are used to represent such a zone. This is because of the permeability averag-
ing that occurs in calculating flow between neighboring cells.

Recharge boundaries, such as precipitation, infiltration, evaporation,
transpiration, and other areal sources, can be represented by a prescribed flux
boundary. This type of boundary may be subject to other constraints, such as
excessive infiltration leading to ponding and/or runoff, evaporation being a
function of the depth to the water table, or transpiration related to the depth of
the root zone.

Local sources and sinks, such as injection or extraction wells, and point
sources can be represented by a prescribed flux boundary. However, to ap-
proximately represent a point source or sink in a two-dimensional, vertical-
plane model, a flux cannot be prescribed without distorting the predictions.
An alternative is to use a prescribed head boundary in which a translation
from the head in the well to the equivalent head in the model cell (as discussed
by Beljian 1988) is performed. In the case of an extraction or injection well

-, open to several aquifers, there are three possible approaches:
• Represent the cased volume of the well by small, highly permeable cells

and specify the source/sink cell at the pump elevation.
• Calculate the contribution from each aquifer proportional to the trans-

missivity of each zone and specify several prescribed flux cells.
• Use an empirical analytical solution to divide pumpage between layers.
In the case of a deep groundwater basin, perhaps up to 3000 m deep, the

base boundary condition selected should reflect known conditions and the
purpose of the model. For example, a layer of lower permeability, suggested by
field data or lithologic or structural characteristics, could be used to define a
shallower effective depth of the model (location of zero-flow boundary). In the
absence of such a layer, a fictitious depth of the aquifer base would be speci-
fied. Boonstra and deRidder( 1981)suggest using,as a first approximation, an
effective depth of one-fourth to one-eighth of the average distance between
major streams draining the basin.

Figure 8 . 1 0 shows an example of the effects of a prescribed head versus a
prescribed flux boundary. The model focused on the unsaturated zone. In this
case two alternate model domains were used to illustrate that a local model
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with zero lateral flow boundary conditions in the unsaturated zone produced
the same flow predictions as a larger-domain model with prescribed head
boundary conditions.

Understanding Transport Boundary Conditions
Commonly encountered concentration boundaries include leaky structures.
leachate generation, immiscible contaminant sources (NAPLs), groundwater
recharge/discharge, evaporative discharge, injection wells, and surface water
bodies. Each of these boundary condit ions is discussed in Section 3.4 as well as
below.

Leaky structures, such as leaking landfills, ponds, drains, or infiltration
beds, can be represented by a prescribed flux boundary with associated con-
centrations. Similarly injection wells can be simulated by a prescribed flux
boundary with a constant concentration in the injected water.

Some materials (residual NAPL, mine waste, etc.) generate contaminated
leachate, acting as passive polluters of through-flowing groundwater. Such
sources may be represented as prescribed concentration boundaries, with a
possible upper limit on the chemical mass that can be mobilized.

Immiscible contaminant sources, such as solvents, coal tar, or paints, can
be represented in several ways, two of which are ( l ) i n a multiphase model the
contaminant source can be represented explicitly; or (2) in a solute model the
source can either be represented by a prescribed concentration boundary or as
a prescribed flux boundary, with concentration equal to the pure-phase solu-
bility of the chemical species (or use Raoult's law for solubility in a mixture). If
(he prescribed concentration boundary is chosen, there is no check on the
total mass of solute entering the model domain. The source then is assumed to
be infinite during the span of the model simulation.This is often a reasonable
assumption because the mass available is usually much greater than the mass
dissolving. If the prescribed flux boundary is chosen, then the rate of dissolu-
tion of the chemical species must be estimated. The dissolution rate is often a
model calibration parameter because chemical to groundwater mass transfer
coefficients, immiscible source contact area, and the effect of the groundwater
velocity on dissolution rates are poorly understood (Cherry 1990; Mercer and
Cohen 1990).

1 n most situations the effects of a source rather than the source itself may be
known or measured. In this case the source maybe represented as a black box
(effective source) by a prescribed mass flux or concentrations at some down-
gradient point. The danger of this approach is that the effects of the source may
not be fully known and the source thereby misrepresented.

Groundwater recharge/discharge, such as metal-laden recharge from min-
ing areas, geothermal upwelling, recharge from agricultural irrigation or feed
lots, or recharge from domestic or industrial areas, can be represented by a
prescribed flux boundary with known concentrations.

Surface water bodies can result in clean or contaminated recharge or act as
sinks for polluted water. Usually the surface water body can be well repre-
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sented by a prescribed head and concentration boundary (see the discussion
at the beginning ofthis subsection). However, in the case of a perched surface
water body a prescribed-flux or third-type boundary is appropriate.

Specification of inappropriate boundary conditions will constrain the
model solution and result in incorrect predictions (Franke et al. 1987; Frind
and Hokkanen 1987 ; see Figure 8 . 1 1 ) . Due to the lack of complete field data
about boundary conditions, assumptions will be necessary. These assump-
tions must be supported by site data and the results of the model. Not all com-
binations of boundary conditions are acceptable; some will lead to unstable or
nonunique solutions. For example, for a steady-state problem, specified-flux
conditions on all boundaries will not lead to a unique solution.

Common misuses of boundary conditions include the assumption of a
zero-flux boundary at an aquifer/bedrock boundary when in reality signifi-
cant transport may occur in the bedrock, or specification of prescribed head
(or pressure) condit ions at many model boundaries resulting in a highly con-
strained model solution.

8.4.4 Defining Initial Conditions

The initial conditions describe the distribution of heads (or pressures) and
concentrations throughout the model domain at the start of the simulation.
Errors in init ial condit ions will propagate through a transient solution, caus-
ing unrealistic predictions. The initial conditions for a steady-state simulation
are important mainly to save computational effort in reaching a solution.
However, the init ial conditions for a transient problem strongly influence the
predicted results. The initial conditions supplied to a transient run should be
the result of a steady-state flow or trans ient flow and transport simulation of
background flow and transport condit ions, which will give a mass-balanced
starting point. Background conditions will include many of the features of the
domain such as long-term pumpage, agricultural recharge, metal-laden up-
land recharge, or salt-laden geothermal upwelling.

Initial conditions for the unsaturated zone might be the pore pressures
calculated based on a steady inf i l trat ion or evaporation rate. The assumption
of hydrostat ic pressures in the unsaturated zoneoften leads to unreal ist ic suc-
tion pressure and relative hydraulic conductivity, which translates into in-
correct water fluxes in the vadose zone.

Specification of an observed concentration distribution (e.g.. an interpreted
plume based on observed concentrations) as initial conditions for a transient
transport s imulat ion often leads to erroneous predictions because a field pro-
gram rarely measures the highest-occurring concentrations and differing
interpolations would lead to widely varying predictions. Therefore it is better
to use es t imated source terms as a start ing point for the transport model, even if
the source is not well defined. These sources can be used to cal ibrate the
transport model, and to predict the starting conditions for subsequent model
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simulations. If the source term is unknown, one approach to source estimation
would be to use an analytical inverse model (e.g., Domenico and Robbins
1985; Dale and Domenico 1990) to estimate sources based on the observed
chemical plume. Other options are discussed in the next section.

8.4.5 Preparing Model Input Data
The selection and preparation of model input data are discussed in the follow-
ing sections. The choice of individual model input parameters, based on
literature data, is discussed in Appendixes B and C. The following three sub-
sections discuss the types of input data required, how to estimate unknown or
uncertain data; and a checklist for model calculations.

Listing Required Input Data
Input data for the model are used for:

• Problem definition (material properties and geometry).
• Numerical requirements (initial conditions, boundary conditions, time-

stepping constraints, and spatial discretization).
• Modeling requirements (calibration targets, validation targets, and de-

finition of alternate hypotheses and scenarios).
Input data fora typical, variably saturated variable-density, flow and trans-

port model are summarized in Table 8 . 1 . Typical values for many of these input
parameters are presented in Appendixes B, C, and D. Data sources for a site
model are listed in Table 8.5.

Estimating Uncertain Data
Field data provide local estimates of conditions, whereas a model requires
input of data distributed over the entire model domain. Either model input
data are zoned (with homogeneous values within each zone) or they have a
continuum of input values. Overall model realism reflects the methods used to
estimate model input data from field, laboratory, and literature data. Estima-
tion methods ra nge from use of parameter estimation or inverse models to trial
and error methods. Inverse models range from analytical models for contami-
nant problems (e.g., Domenico and Robbins 1985; Dale and Domenico 1990)
to three-d imens ional , numerica l parameter estimation models (e.g., Hill
1993). The advantages of inverse methods are:

• Results include the mean value and the parameter variance.
• Subjectivity is removed from the calibration process.
• All of the field data are honored.
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TABLE 8.5 Common D»U Sources for • Site Model
Model Input Parameters Potential Source of Data"
Hydraulic conductivity
Distribution of hydrogeologic
units

Specific storage
Specific yield
Recharge/discharge
Unsaturated soil properties
Initial water levels, gradients
Background concentrations
Porosity
Molecular diffusion
coefficient

Dispersivify
Adsorption distribution

coefficient
Soil bulk density
Density and viscosity
Contaminant sources

Slug, pump and packer tests, and published data
Boring logs, geophysics, and geologic maps
Slug and pump tests
Pump tests and porosity data
Precipitation, soil properties, streamflow, pumpage

records, elevation, vegetation maps, land use
Permeameter tests
Field water levels
Field concentrations
Soil analysis
Published data

Tracer tests, other field-tested models, or
published data

Batch and column tests, empirical equations for
organics, and published data

Soil analysis
Published data
Material inventory, storage, and use, leachate tests.

aerial photographs, etc.
" Other possible sources include published data on neighboring areas or s imi lar s i tes .

The disadvantages of inverse methods are:
• Extensive time and computational effort are involved.
• Intuit ion based on training, experience, and knowledge of the site and

other soft data are neglected.
• The model output may be erroneous, unstable or nonunique if the input

data are sparse or of differing quality.
The trial-and-error method involves variation of uncertain input data, tak-

ing into account observed data, intuit ion, and analogies with other sites. The
tr ia l-and-error approach is the most widely used approach in practical ap-
pl icat ions . The advantages of this method are:

• Data of varying accuracy may be used appropriately.
• Soft data, such as inferences based on site-specific data , may be reflected

in the input data.
• Less effort is required to understand results.
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The disadvantages of the trial and error method are:
• The resulting model reflects, in part, the experience (or inexperience) of
the modeler.

• There is no simple criterion for assessing satisfactory completion of this
task (see Section 8.5).

• The uncertainty in the input data, and its reflection in accuracy of predic-
tions, is not quantitatively defined.

There are a range of methods that fall between the inverse and trial-and-
error methods and can be used to augment trial-and-error and parameter
est imation.These techniques include geostatist ics and kriging. indicator krig-
ing, semiprobabilistic methods, search theory, equivalent media approx-
imations, and observed plume evaluation. An explanation of each of these
methods follows.

Geostatistics provides a method for characterizing a parameter distr ibu-
tion. Interpolated data, and the probable accuracy of estimation, can be
calculated by kriging the observed data. This method, in its original form, uses
the assumption that all data are spatial ly correlated, with the closest pairs of
data being the most strongly correlated. Kriging can be readily undertaken if
the data set is relatively homogeneous and smoothly varying, but kriging car-
ries with it advantages and disadvantages similar to in verse model ing. In addi-
tion the variogram analysis accompanying kriging will provide information
on the correlation length of the data, which is helpful in selecting model cell
s izes (see subsection 8.4.2). Reducing interpolation uncertainty through col-
lecting addit ional data can be assessed in advance, giving a rat ionale for
extending or terminating a field program. Kriging should not be used to inter-
polate ground water concentration data because the contaminant distribution
typically violates two key assumptions of the kriging method: isotropic and
stationary random fields.

Semiprobabilistic methods may involve use of pieces of other methods to
suit the problem at hand. The following description provides an example of
the appl ication of a semiprobabi l i st ic method. The problem involved model
investigation oftheeffect ofsand lenses as preferential flowpaths forcontami-
nant migration at a new facility. To identify all the sand lenses by means of a
field-dril l ing program is very costly, but a determinist ic modeling approach is
not appropriate, since no contaminat ion field data existed to corroborate a
ir ial-and-error method to parameter est imation. Although other met hods can
he devised to suit differing needs, the method used to estimate model input
data for th i s s i t e was as follows:

• Borings across the site intercepted multiple sand lenses of varying thick-
nesses . These lenses did not correlate between borings.
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• Sand lens geometry was observed, in road cuts, to follow a pattern of
similar length-to-thickness ratios. This ratio was used to select the model
cell aspect ratios.

• The typical thicknesses of the sand lenses were known from the existing
borehole data. These data were used to generate a histogram of lens thick-
ness versus number of occurrences of that thickness (probability dis-
tribution).

• A simple computer program was used to randomly generate material
property distributions based on the sand lens thickness histogram, with a
cutoff on the number of lenses based on the observed ratio of sand to
other material in the site borings.

• A deterministic model for groundwater flow and contaminant transport
was run for each random distribution (sometimes called a realization).

• Based on the predictions of travel distance from the deterministic model,
a histogram of travel distance versus numberof occurrences of that travel
distance was prepared. Hundreds of realizations would be required to
generate a set of results representative of the possibilities at this site.
However, random- and stratified-sampling methods can reduce the
number of runs needed by about an order of magnitude (McKay et al.
1979). This reduces the numberof runs to a manageable number. It was
shown that the possibility of a sequence of interconnected sand lenses
providing a long travel path was remote.

Search theory or indicator kriging can be used to reduce uncertainty in
parameters such as location of a geologic boundary, location of a plume
boundary (helpful for capture-zone analyses), and location of a source bound-
ary. That is, parameters, or targets, in which a present/absent or yes/no answer
is required. The result of such an analysis is the probability of targets of dif-
ferent shapes and sizes existing, dependent on the distribution of drill-hole
data (Savinskii 1965). This method could also be used to evaluate the worth of
collecting additional field data (answering in advance the questions of how
much the uncertainty will be reduced, and that density of drill holes are
appropriate) as is described by Freeze et al. (1990).

Equivalent homogeneous media assumptions can sometimes be used for
all or part of the model domain. The problem is to calculate the effective hy-
draulic conductivity that would result in the same predicted groundwater flow
as the actual heterogeneous medium. A variety of methods for different,
steady-flow situations are presented in Figure 8 . 12 . These results use the
assumption that all data are equally valid. There are no equivalent rules for
trans ient flow, except that the effective hydraulic conductivity has a value that
lies between the arithmetic mean and the geometric mean. For example, in an
aquifer pumping test the effective hydraulic conductivity at early times ap-
proaches the arithmetic mean, whereas at late times the effective hydraulic
conductivity approaches the harmonic mean (Gorelick and Hernandez
1990).
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.»:';% The source term supplied to a model is often controversial and uncertain.
•••%-<-' As a first approximation, the mass in an observed solute plume may be

calculated by est imating the aquifer volume corresponding to a certain
groundwater concentration, and then calculating the mass of contaminant in
water and soil in that volume, using the following formulas:

Mw = CwnV (8.7)
Ms = C,(l - n)phy (8.8)

where
Mv = mass of contaminant in groundwater in [M]
M, = mass of contaminant on soil in |M]
CK = concentration in groundwater in |M/L3]
C3 = concentration on soil in |M/M|
n = porosity in [I]
V = volume of ground being considered in [L3)
ph = bulk density in |M/L-']

This mass, however, is unlikely to adequately represent the source volume
because the monitoring program will probably not measure the highest con-
centrations in the plume, a NAPL plume may exist, and the mass on the soil
will be uncertain. In the case of one extensively monitored, contaminated site,

7.-,., only a few percent of the total volume of the contaminant source was cal-
' ' ' • ' culated from the observed concentrations.

Despite the great interest in immiscible-phase or nonaqueous phase liquid
(NAPL) modeling, practical models are still not available (see Table 9.3). In
groundwater modeling classes at the Waterloo Centre for Ground Water
Research, Cherry (1990) presented the following conclusions about immis-
cible contaminants:

• Dissolution of immiscible phases is not well understood, particularly in
the vicinity of groundwater pumps (i.e., at high groundwater velocities),
and as the residual immiscible mass is depleted.

• NAPL may be present in the groundwater despite saturated, dissolved
concentrations not being observed because (1) contaminated and clean
waters have mixed in the vicinity of wells, (2) the source is heterogenously
distributed, (3) the source is becoming depleted, or (4) dispersion has
occurred in the aquifer.

• Detailed vertical monitoring may be the key to delineating residual
NAPL zones.

• The ratios and relative concentrations of chemicals in the NAPL and
groundwater can provide insight into the source characterist ics.
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Checking Model Calculations
The following general lisi for checking model calculations is intended to
mainta in consistency and credibility in model predictions:

• Plot all input data provided to model and check for accuracy and con-
sistency.

• Check the Courant number for appropriate time step size.
• Check the Peclet number for appropriate cell sizes.
• Check model stability and convergence behavior; corrections to previous

solutions should ideally monotonically decrease with time after each
change in stress.

• Check model flow and solute mass balances.

When checking the model solution's behavior, note that a well-converged
flow solution is prerequisite to a well-behaved transport solution. If the model
solution oscil lates, diverges, or gives unrealistic results for reasons unrelated
to factors identified in the list above, then underrelaxing the solution may
damp oscil lations (at the cost of greater computational effort). If the relaxed
model solution stil l gives inaccurate results, then a sequence of runs in which
the model input data are successively simplified will usually lead to a satisfac-
tory solution. For example, a sequence of runs may involve:

• Remove density and viscosity effects.
• Remove unsaturated zones (or change unsaturated characteristics to

resemble saturated coefficients).
• Simplify or remove some boundary fluxes.
• Simplify model layering.
• Remove anisotropy.
• Remove heterogeneity.
• Decrease number of dimensions.

At some point in this sequence the model solution will usually improve.
The missing complexit ies can then be added back individually, leading to the
source of the problem. Alternative approaches to model problem solving are
suggested in Section 8.5.

A poor flow mass balance will usually result in a correspondingly poor
solute mass balance. The size of an acceptable mass-balance error depends on
the situation being simulated and on the objectives of the modeling analysis.
However, flow mass errors of less than 1% and solute mass errors of less than
5% are commonly accepted.

A model embodies many disparate pieces of data and assumptions. While
indiv idual assumptions may appear reasonable, the net effect of the assump-
t ions mav be unreal i s t ic .
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8.5 CALIBRATING THE MODEL
Model calibration, step 5 of preparing the model, is the process of varying
uncertain model input data over likely ranges of values until a satisfactory
match between simulated and observed data is obtained. Calibration is
needed to account for unmeasured, unknown, or unrepresented conditions or
processes and uncertainty in measured input data. If an inverse model is used
for parameter estimation, then this step of the modeling process is partially
automated. However, if data need to be extrapolated, or the field data are
unsuited to automatic calibration, then the more traditional approach of trial-
and-error calibration is needed. Model testing prior to application in predic-
tive mode is often split into two processes: calibration and validation. The
field data are split into two data sets.often fordifferenttimeperiodsatonesite;
one data set is used for calibration and the other for validation. Model
validation is described in Section 8.6.

The general approach to the numerical modeling process is illustrated in
Figure 8.1. The model calibration step requires the greatest effort The cali-
brated model may evolve in a variety of ways. For example, the modeling
analysis might begin with incomplete field data, and the model may be refined
as additional data become available.

Alternatively, the model input data could contain some well-defined
parameters and some highly uncertain data. Varying these uncertain data is
the starting point for the calibration process. Typically parameters should
only be varied within measured or likely ranges, parameter distributions
should be limited to geologically feasible hypotheses, and parameter values in
areas beyond the extent of field data can be varied the most

It is quite possible that alternate, equally statistically valid, model cali-
brations can be developed from a single dataset (Brooks et al. 1994). This is
most likely to happen in cases where minimal data are available and/or the
model extends significantly beyond the area adequately characterized by field
data. An example of the model calibration process is described in Appendix
A.5. Model calibration usually involves most of the following steps, in the
order listed:

• Specify calibration criteria and calibration and/or validation protocol.
This step is often required in controversial or sensitive modeling ap-
plications. General expectations for model predictions should be de-
veloped before calibrating the model. Calibration criteria compare
model-prediction errors with key components of the model mass bal-
ance. That is, a discrepancy between predicted and observed heads is
compared to a key hydraulic gradient, as described below. Or, a dis-
crepancy between predicted and observed concentrations is compared to
the variability in observed concentrations in neighboring monitor wells.
Model performance criteria might be:

Paired-data testing (i.e., comparing predicted and observed values for
corresponding locations in time and space). Common examples of
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such testing are variance between predicted and observed data
should be less than about 10% of the range of observations, standard
deviation between predicted and observed data should lie in the
rangeO.7 to l .Odependingon the numberand quality of data points,
and bias between predictions and observations should be random
rather than systematic.

Averaged paired-data testing (i.e., the predicted and observed values
are averaged over space and/or time and then compared).

Frequency distribution testing (i.e., predicted and observed cumula-
tive frequency distributions are compared).

• Calibrate the flow model before calibrating the flow and transport model
(except in cases of density-coupled transport, in which the flow and
transport calculations are inextricably bound together). Accept only con-
vergent, stable, and well-balanced model calculations.

• Simulate natural background conditions (regional recharge, geothermal
upwelling, natural mineralogic dissolution, etc.), predict the water levels
and concentrations corresponding to preexisting conditions, and com-
pare predictions with any available observations.

• Modify model assumptions and/or uncertain input data, within reason-
able bounds, to obtain a realistic simulation. Specify model input data in
ranges of values. Note the accuracy of these data so that changes made
during the calibration procedure will concentrate on the most uncertain
data while remaining within realistic bounds.

• Predict transient flow and transport conditions for the period of develop-
ment up to the present (this process is also known as history matching).
Ideally the transient calibration period should be as long as, or longer
than, the period of future predictions to which the calibrated model will
be applied.

• Evaluate the model predictions versus historical observations (Figure
8 . 13 ) The model evaluation should use as many pieces of information as
possible (i .e. , not just water levels and concentrations but also spring
levels, river in/outflows, vertical hydraulic gradients, river concen-
trations, and any other relevant descriptive data).

• Decide whether additional model refinement is needed based on the
calibration criteria you specified.

• Examine "calibrated" model input and output and evaluate whether.
Input data individually and jointly make sense.
Site-specific data cover the area predicted to be of concern.
Model output indicate initial conceptualization was appropriate.

During model calibration model input data or assumption modifications
should start by varying the most uncertain parameters or those that are the
most critical to the predictions (e.g., hydraulic conductivity for Dow or adsorp-
t ion distr ibut ion coefficient lor transport) . It is a waste of effort to sys-
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tematically vary all parameters during calibration; instead, the most promising
combinations of parameters should be tested and refined.

If the model predictions fail to meet expectations, then a model error
analysis may be used to assess overall predictive bias (see Section 8.6), or, for
more extreme cases the entire underpinnings of the model may have to be re-
evaluated. This requires an assessment of modeling assumptions and errors.

There are five general sources of model errors:
• Mathematical model errors. These errors involve the physical and

mathematical basis of the computer code, and its numerical framework.
This framework should be appropriate to the situation to be simulated,
with inherent assumptions honored.

• Conceptual errors. Among these are misconceptions about the governing
mechanisms, boundary conditions, sources, and dimensionality of the
problem (see Section 8.2 and Chapter 7).

• Input data errors. Input errors include mistakes in data entry (which
should be checked by plotting all inputs with a nonsmoothing contour-
plotting package), sets of assumptions about data that in combination do
not make sense, measurement error, and levels of heterogeneity that
either have not been identified and characterized in the field or cannot be
represented in the model. The last two sources of error are unavoidable
and should be taken into account when interpreting the model pre-
dictions.

• Numerical errors. Examples include truncation errors due to truncation
of the Taylor series expansion of the finite-difference or finite-element
formulation of the governing equations, roundofferrors due to the preci-
sion of numbers stored by the computer, and numerical dispersion due to
discretization (see Section 6.2).

• Interpretation errors.Thesecan take the form of misunderstandingofthe
predicted results particularly in the case of models without post-
processors capable of providing meaningful summaries, analysis, and
graphic output), misconception of the expected results (e.g., prediction of
contaminant migration at an angle to groundwater flow), and com-
parison of spatially and temporally averaged model predictions with
point observations.

If consideration of all of these sources of error does not reveal the source of
the problem, then the process of model simplification described in Subsection
8.4.5 on checking model calculations can be used to assess the model and
probably uncover problem areas. The discrepancies between model predic-
tions and observed values can uncover factors missing from the model; see
Section 8.7 for an expansion of this idea.

As is the case with weather forecasting, a model that does not meet calibra-
tion criteria is still useful. It can be used to assess the interactions of the
mechanisms governing groundwater flow and transport at a site, to help to
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develop a better overall understanding of site conditions, and to assess the
need for additional data. It cannot, however, be used to predict remedial
design or to show regulatory compliance.

8.6 ANALYZING MODEL ERROR
The objectives of model error analysis are to quantity how well the model
simulates the physical system and to identify problem areas in the model. The
most basic measure of model error is the difference between predicted and
observed values. It has been stated in U.S. Congressional Hearings that
groundwater transport models can not be expected to give better than order of
magnitude accuracy. In specific model applications the predictive capability
of the model depends on:

• The nature, extent, and reliability of data available with which to define
the model.

• The intrinsic capabilities of the mathematical model to represent site
conditions.

• The realism of the conceptual model used to prepare the site-specific
model.

• The degree of bias introduced by assumptions made during the model-
ing process.

• The time and volume over which model predictions are used, as com-
pared to the calibration and validation volumes and time periods.

The degree of uncertainty in data considered useful by geologists and hy-
drogeologists is often orders of magnitude greater than the data accuracy
imposed by design constraints. Therefore there is often a discrepancy between
the accuracy of data supplied to a model and the accuracy expected from
model predictions. Once again, the model purpose will partly determine the
level of acceptable error in a model.

The method typically used to quantity model error is to compute the dif-
ference between predicted and observed values (residual) at a point (e.g., mon-
itoring location) and evaluate these differences. Other methods of comparing
predicted and observed data have been described in Section 8.5 and in ASTM
Standard D 5490-93 (ASTM 1993). The residuals may be illustrated as scatter
diagrams of predicted values versus observed values (Figure 8 . 14 ) or his-
tograms of residuals (Figure 8 . 14 ) . The scatter diagrams, together with the
computed coefficient of determination, indicate where the greatest discrepan-
cies occur and whether there are a few major discrepancies or general dis-
agreement between predictions and observations. Ideally a histogram of
residuals should be normally distributed around zero, with an average re-
sidual of zero. If the histogram is skewed, the implication is that the model
consistently over- or underpredicts the variable of concern. The histogram



6000 -

5000 -

4000

Scatter diagram
overall r? = 0.87 | 12 1 points)
trimmed r2 • O.M ( 1 14 points)

perfecl match

• leu than S obMrvibona
• 5 or more observation*

I I I 1 ' I 1 1 ! 1 I I II [ M M | M I M I I M |
4000 5000 6000 7000

Predicted water level In toet

Histogram of residuals
30

25

20

15

10

number of observation!: 121
btn Biz* (canterwj on ttcs): SO U

I
I I I I I 1 1 I 1 1 M |T

-725 -525 -325 - 125

K R HBWiB*l Blf iiT I f | I i TIT i i 175 275 475 675
Reiidual In teel

Figure 8 . 1 4 Model error analys i s

245



246 APPLYING NUMERICAL MODELS

also indicates the percentage of residuals that are unacceptably large. A map
of the residuals (which may be contoured) can be used to relate errors in pre-
diction to the hydrogeolgic setting and indicate problem areas. Ideally re-
siduals should be randomly distributed.

Other measures of the goodness of fit between predictions and observations
(League and Green 1991 ) include

Maximum error (ME),

ME = max {\P, -. 0 (- | } " . , (8.9)
Root mean square error (RMSE),

[ V (Pi ~ 0 , } 2 ~ ] i f lOO]
I —————— ——, -- i « J L o JRMSE = 2- —————~ I I—— I (8 . 10 )

L" '
Coefficient of determination (CD),

nX (o, - ^2

CD = -——————— ( 8 . 1 1 )n^-»

1 = 1
Modeling efficiency (EF),

n nX (o, - o)> - X (P, - o,)2
EF = -——————————-———————— (8 . 12 )nX (Oi - t)21 = 1

Coefficient of residual mass (CRM),

1 ° , '- IP,1 = 1 1 = 1CRM = ————————— ( 8 . 1 3 )
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where
0 - observed value
o = mean observed value
P = predicted value
n = number of values

ME, RMSE, and CRM tend to zero and CD and EF tend to one for perfect
predictions. RMSE, EF, and CRM are relative measures useful to compare the
cal ibration of al ternat ive model runs. ME and CD are directly useful and
more commonly used.

The degree of model error that is acceptable depends on several factors:

• Degree of natural heterogeneity or complexity of boundary condit ions. A
highly heterogeneous or complex domain may not be modeled pre-
cisely.

• Location, number, and accuracy of measurements . The "perceived
model accuracy is inversely proportional to available data, actual model
accuracy is directly proportional to available data" (Finder 1990).

• Purpose for which the model has been developed.
Model sensitivity analysis (see Section 8.8) may also provide feedback on
model error/predictive uncertainty due to uncertainty in model inputs.

8.7 VALIDATING THE MODEL

Model validation (sometimes called verification), the seventh step, is the pro-
cess of demonstrat ing tha t the cal ibrated model is an adequate representat ion
of the physical system. Model val idation is a shortcut to gaining greater con-
fidence in model predictions in the absence of uncertainty analyses. Valida-
tion is more common in hydrologic modeling for which time-history data are
often available. ASTM ( 1993) discusses validation at length, including con-
cepts of global versus local validation. However. ASTM (1993), while recom-
mending val idat ion to reduce the problem of nonunique solutions, also states
t ha t a ca l ibrated but un val id a ted model may be used for predictive analyses in
conjunction with a careful sensitivity analyses. This step is rarely addressed in
l imited modeling studies because of the extra data and modeling effort re-
quired. However, in the absence of val idat ion a model is untested beyond the
exact condit ions used in the cal ibrat ion, and use of the model to make other
than general predictions is questionable. A successfully calibrated model can-
not be rel ied upon to provide accurate predict ions in all cases (Freyberg 1988 ) .
Four possible approaches to model va l idat ion , the fourth method requir ing
the least effort on the pan of the modeler, are listed below.
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• Successfully predict alternate conditions. An example of this method is to
calibrate using steady-state data and validate using transient data (Figure
8.15) . This method has the advantage that the comparison data sets are in-
dependent, but additional parameters (such as storage parameters and
fluxes) come into play in the transient calculations that may invalidate an

CALIBRATION USING STEADY-STATE WATER LEVELS (TOP VIEW)

8000 -

4000 -

2000 -

I I
2000 4000 6000 8000 10000 12000
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Figure 8.15 Validation using transient data.
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apparently realistic steady-state model. An alternate approach is to use a
part of a transient data set in cal ibrating the model, and the remainder of
the data set, possibly subject to differing boundary conditions, in validat-
ing the model. This is the most commonly applied approach to model
validation.
Successful ly predict ex i s i i ngcond i t ions . In this method model val idation
uses comparison data not employed in the calibration process (Figure

CONFIGURATION
Finite difference mesh

FLOW MODEL CALIBRATION
Head distribution in 10' contours

TRANSPORT MODEL CALIBRATION
pH distribution In .5 unit isocons

TRANSPORT MODEL VALIDATION
Sutlale distribution In 1,000 mg/1 Isocons

50OO
10000

*5-f

Figure 8 . 1 6 Validation using comparison data not employed in model cal ibrat ion.
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8.16) . This method is the most useful but can only be used if there are suffi-
cient data to describe the entire domain satisfactorily using half the avail-
able data; this is rarely the case. Even when there are sufficient data, this
method is not ideal, since the calibration and validation data sets may not
be entirely independent

• Compare the model predictions with the results of other models of the
identical situation (Figure 8. 17) . This method validates the numerical

0 7800 21,740 distance in feet 63,220 77,060
56,480

simulated oquipotontM Unfa In I

Figure 8 . 17 Validation by comparing different models applied to mine dewalenng
and rec lamat ion.
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model but not the conceptual model, since the same assumptions, bound-
ary conditions, and input data are employed in the two sets of model
simulations.

• Predict conditions for locations beyond the existing monitoring network
or at future times, to validate the model when additional fieldwork is
undertaken (Figure 8 . 18 ) . This is the most persuasive argument in favor of
a realistic model, and the most practical method for validating a trans-
port model. This method requires that modeling analyses and fieldwork
be conducted in parallel over a period of time.

In each of the above methods, you must consider measurement errors, preci-
sion, and completeness of the comparison data set when evaluating the
model.

8.8 DEMONSTRATING MODEL SENSITIVITY
Model sensitivity analysis is the eighth step in the modeling process. The pur-
pose of sensitivity analyses is to demonstrate the model responses to vari-
ations in uncertain input parameters. The model response to these variations
is of interest because the range in the resulting predictions illustrates the level
of model prediction uncertainty and, given a sensitivity case with results as
statistically valid as the calibrated model, the nonuniqueness of the calibrated
input data set. A systematic sensitivity analysis provides sufficient data to rank
the input parameters in terms of their influence on the predicted results. The
results of a sensitivity analysis can be used to:

• Identify sensitive input parameters for the purpose of guiding additional
field data collection and, perhaps, focussing calibration efforts

• Define parameters to be used in uncertainty analysis.
A typical sensitivity analysis involves the following steps:
1. Assemble the input data together with their ranges of uncertainty. These

ranges of values should have been assessed during the model calibration
stage. The ranges may be based on the greatest extremes estimated
from the:
• Variation of observed values
• Uncertainty in measurement
• Range in l iterature values for similar conditions
• Range in historical conditions

2. Rerun the cal ibrated model with each of the input parameters (ideally
inc luding grid s ize see Figure 8 . 1 9 , and time step) individually varied to
their maximum and minimum values. An ad hoc sensitivity analysis
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will have been undertaken during the calibration process, but a more
rigorous sensitivity analysis is based on the calibrated model. It is not
advisable to vary several parameters at once to achieve the "worst case."
since this case is usually both highly unlikely and leads to noncalibrated
model predictions.

3. Compare the predicted results and interpret in terms of ranking of input
data and uncertainty in predictions. The results of sensitivity analyses
can be normalized so that the effects of different para meters can be com-
pared quantitatively. For example, a sensitivity index S can be defined

\dh\S = ———— (8. 14)(dP/P)

where
S = normalized sensitivity index which is a measure of the aver-

age change in the predicted variable per fractional change
in the input parameter

\dh I = difference in predicted variable, at one or more key loca-
tions, between the base case and sensitivity case

dP = change in input parameter value
P = initial input parameter value

The 5 values so calculated can be numerically ranked. These results will be
biased if the ranges of input parameters analyzed are so conservative as to
be unrealistic.

Several ideas for presenting sensitivity analyses are shown in Figures 8.20
and 8 .2 1 . For example, the results shown in Figure 8.20 suggest that the input
parameters should be ranked in importance in this order: dispersivity, hy-
draulic conductivity, and anisotropy of hydraulic conductivity. The results in
Figure 8.21 suggest that ranges in predicted concentrations, for current con-
ditions, of up to an order of magnitude may arise through variation over likely
ranges of the input parameters. As a result predicted concentrations are con-
sidered to be accurate to an order of magnitude.

The results of the sensitivity analyses occasionally indicate that the cal ibra-
tion parameter data set is not unique. In this case further runs, error analysis,
or a search for addit ional data to help select between the cases is warranted.

Some parameter estimation models (Hil l 1993) are also designed to auto-
mate the sensitivity analysis process. Viewing interim results sometimes
changes the course of a modeling study, but in general model sensitivity
analysis is an easily automated step.
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8.9 CONDUCTING MODEL PREDICTIONS
Step nine in the model process is conducting the model predictions. The
model predictions are often considered the main purpose of the modeling
exercise, although there may be many more purposes to a model than straight-
forward prediction. The assumptions to be used in the predictive analyses
should be well defined. The designer, or end user, of the model results may not
understand this aspect of the model. For example, the assumption of a con-
t inu ing source is not specific enough. Assumptions about the location, con-
centrat ion, volume, phasefs), accompanying species, and possible depletion
of the source also need to be addressed.

If remedial schemes are to be simulated, then the model may be used to pre-
dict the capture zones for different schemes, concentrations at any extract ion
points, time for remediation, concentration time histories at water-supply or
compliance points, contaminant mass balances, and ranking of alternate
remedial schemes in terms of effectiveness.

Since model predictions are used to generate specific predictive values
more often than relative results, concern in the reliability of the predictions is
warranted. As model predictions extrapolate over time, the time period of
model predictions should be comparable to the period of model cal ibrat ion.
For example, a model that has been calibrated over a 1-year period against
water-quality data is not likely to be rel iable for 100-year transport predictions.
An uncertainty analysis would be helpful in quantifying model rel iabi l i ty
under these conditions.

The interpretation of the model predictions should include the modeler's
assessment of where the model is more or less accurate and the relative degree
of uncertainty in the predictions.

8. 10 PRESENTING MODEL RESULTS
Often the last step in the modeling process is writing the report. The presenta-
tion of the model results greatly influences the utility of the predictions. It is
useful to present tables summariz ing the path of development of the model
(Table 8.6). The predicted results themselves may be presented in many forms.
including three-dimensional graphics (Figure 8.22), concentration time his-
tories (Figure 8.23) , vertical cross sections (Figure 8.24), vector il lustrations of
groundwater flow(Figure 8.25), or comparison of alternate remedial schemes
(Figure 8.26). Ideally each figure should be self-explanatory. This means that
an explanatory map, site-specific features, and an explanation of the case
s imulated should be included. Presentat ion of normalized results (e.g. , con-
tours of concentration relative to a source concentration of 1.0) maybe used to
unify predict ions for many contaminants onto one figure.
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Due to recent advances in computer hardware and software, there are few
restrictions on the model users' imagination for presenting model results.
Color plots, as shown in Figures 8.27 to 8.30, may convey the results of complex
models in a more informative way for a general audience.
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TABLE 8.6 Summary of Model Rons

De-
scription
and
Dale
CaseS
16/10/92

Case 9
17/10/92
flow only

Reason for
Performing Kr Kv KrCalculation (ft/day) (ft/day) (ft/day)

Calibrate flow — — —
model

Update model 50.0 50.0 0.5
hydraulk 50.0 50.0 0.5
properties and 0.005 0.005 0.005
investigate 0.05 005 0.05
influence of
hydraulic
conductivity
on predicted
flow patterns

Data Summary"

n 5, Kj DL DT Assumptions Comments
(1) ( I/ft) (ml/g) (fl/day) (ft/day) Summary on Results
— — — — — Zero recharge Hydraulic

heads even
lower than case
7. Same con-
clusions. Mass
imbalance 3%.

0.28 5 E-* 0.0 100.0 10.0 Recharge Water table
0.28 5E ~ 4 0.0 100.0 10.0 assumption as drops indt-
0.01 IE "4 0.0 100.0 10.0 forcase6 eating that
0.01 I E " 4 00 100.0 10.0 surface recharge

is not com-
patible with the
re vised alluvium
K values. Mass
balance IV

Suggested
Next Stage

Revise alluvium
hydraulic con-
ductivities to
reflect results
of new pump
tests.
Usjng best-case
hydrodynamics
case run
transport
calculations

Not applicable



Case 10 Us ing best- 7 .0 5 .0 005 028 5 f.'' 00
2W10/92 case hydro- 50 7 .0 005 028 5F " 1 00
hvdro- dynamics to 0.005 O.OOS 0.005 001 It ' 00
dynamic date predict 005 0.05 005 001 1 E~ ? 00
;md and compare
transport TCP. concen-

t ra t i on s

" Data listed are presented in the following order (1) Genera l al luvium. (2) high-conductivity al luvium.
Note:

A.'t - hor i7onta l hydraulic conductivity along r-ax i s in |fl/dayl
K t - horizontal hydraulic conductivity along v - a x i s in |ft/day|
*.', - vertical hydraulic conductivity in |ft/day]
n = porosity in |l|
S, J specific storativity in [ I/f t ]
Kd - adsorption distribution coefficient m |ml/g|
/\ -= longitudinal dispersion coefficient in |ft/day|
D7 - transverse dispersion coefficient in (ft/day|

100.0 100 Source 2 (for
100.0 10 .0 TCE)on ly :
10.0 10 .0 source
10 .0 100 assumed

active l%l to
1974 mcl
Total of 10.000
gals, assumed
disposed

Predict ions
show deep
migration of
plume. Influence
of alluvium
anisotropy and
geometry of
alluvium/
bedrock inter-
face can be
noted. Depth of
plume reflects
supplied base
head boundary
conditions.

Revise bedrock
rock-type
configuration to
reflect latest
subcrop map
Also refine base
head boundary
condit ions.

(3) tertiary bedrock. (4) Precamhrian bedrock.
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8 . 1 1 AUDITING THE MODEL

Occasional ly it is possible to conduct a model audit , that is. to compare the
model pred ic t ions of the future to the actua l outcome. Audits can reveal areas
of differing model accuracy. Often the ac tua l stresses applied to the system
vary from the idea l i s t i c s tresses s imu la ted in a model; however, a successful
aud i t adds sub s tan t i a l l y to model cred ib i l i ty . An example of an audi t study is
presented by Konikov, ( 1 9 8 6 ) . and ano the r example is i l lus trated in F' igure
S . 1 8 .
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Figure 8.27 Incomplete capture of contaminant pi u me (provided by T. Franz. Water-
loo Hydrogeologic, Inc.).
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Figure 8.28 Complete capture of con tam inan t plume (provided by T. Franz . Water-
loo Hydrogeologic, I n c . ) .
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Figure 8.29 Predicted drawdown around oil-spill recovery wells.

Figure 8.30 Observed concentrations in three dimensions.
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TABLE 8.7 Summiry of Common Modeling Errors
Error Typical Result Remedy

Data Errors (90% of Errors Fall in This Category)
Inconsistent units
Misaligned formatted input

Infiltration rate greater than saturated
vertical hydraulic conductivity or less than
minimum unsaturated hydraulic
conductivity in unsaturated flow models

Infeasible results
Wild results

Improbable hydraulic gradients and
unstable behavior

Plot all input data and use QA/QC
Check mass balances and plot input and

output
Understand physical meaning of specified

unsaturated moisture curves

Conceptual Errors (The Most Difficult Errors to Identify)
Mismatch between assumptions (e.g..

extrapolation of model base to above
extrapolated model water table)

Indiscriminate use of fixed value boundaries
Misuse of general-head boundaries

Specification of all flux boundaries for
steady-state run

Use of fixed-head or flow boundaries in model
cells much larger than the feature being
simulated

Unfocused model

No simplification, e.g.. high degree of
heterogeneity

Unrealistic predictions

Overconstrained model
These are essentially damped fixed-value

boundaries
Nonunique solution
Exaggerated recharge or discharge

Rough predictions

Unnecessarily complex, unwieldy
model

Plot input and output data

Replace fixed head with flux boundaries
See above
Have at least one boundary cell with a

fixed value
Use properly sized model cells, or replace

fixed value by fixed-flux boundaries
Plan in advance and coordinate with others

involved
Study data for patterns and spend time to

develop defensible conceptual model on
paper first



TABLE 8.7 (Continued)
Error Typical Result Remedy

Nondocumented or unrecognized model
code limitations

Code Errors (The Most Difficult Errors to Solve)
Unrealistic or inconsistent results

Model boundaries aligned with site bound-
aries/roads/compass directions, etc.

Model boundaries within influence of sources
or sinks

Model cells and aspect ratios time steps
inconsistent

Model depth = depth of measurements
Failed model
Uncertainty about use of model

Application Errors
Potentially unrealistic results

Under- or overpredictions
Numerical dispersion

Biased or incomplete predictions
Inconsistent or no results

Check predictions against expected results:
solve by thorough understanding of code,
talking to code author or using an
alternate code

Use natural boundaries
Use appropriate model domain
Check Peclet number. Courant number, and

stability criteria when setting up
advective-dispersive transport models

Use natural model boundaries
Plan alternate approaches from the start
Conduct failure analysis (cause/effect/

avoidance of failure) or economic analysis
(cost of model analysis vs. cost of
decisions based on model analyses) or
seek assistance



Supplying observed or interpreted
concentrations as model input

Supplying observed or interpreted heads as
starting point for transient run

Application beyond range of validation

Supplying extreme changes in material
properties

Contaminant plume partially exits model
boundary

Smoothed contours of predictions hide
small-scale problems

Use of unstable, unconverged or unbalanced
results

Unreal ist ic redistribution due to
unbalanced initial conditions

Unrealistic redistribution due to
unbalanced initial conditions

Poorly defended predictions
Unstable results

In predicted remediation the plume
may be drawn back through the
boundary at unrealistic
concentrations, resulting in invalid
results

Interpretation Errors
Acceptance of incorrect results

Acceptance of results containing
systematic error

Specify sources rather than observations

Use predicted, steady-state flow pattern as
initial conditions

Validate model consistent with intended
application

Use several model cells across interface or
define intermediate-value zone

Use larger domain

Plot unsmoothed data initially

Check mass balances, solution behavior,
and plot interim results
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8.12 AVOIDING COMMON MODELING ERRORS
The most reliable way of learning the best approach to conduct a modeling
analysis is to make many experiments and/or mistakes and learn from them.
However, in the interest of saving time and effort, this section provides a com-
pilation of the most commonly noted modeling errors, and ways to a void them
(see Table 8.7). The types of error have leeen divided into five categories for
ease of reference:

• Data errors
• Conceptual errors
• Code errors
• Application errors
• Interpretation errors
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EXECUTIVE SUMMARY
An evaluation of the source of impacted groundwater at Site I within Sauget
Area 1 was performed to evaluate two questions:

1) What is the dominant source mechanism at the site?
2) What is the effect of an intensive pump-and-treat system on the lifetime of the source?

Dominant Source Mechanism
Two source mechanisms that have the potential to be active at the Sauget site
are: 1) leaching of unsaturated source materials, and 2) residual Dense
Nonaqueous Phase Liquid (DNAPL) dissolution (see Figure 1). Six general
indicators were evaluated to assess which of these two source mechanisms are
primarily responsible for the observed plumes associated with Site I.
The analysis indicated that DNAPL dissolution is a major source mechanism at
Site I based on an analysis of six different indicators. The following indicators
support the conclusion that trapped residual DNAPL is present: dissolved
constituent concentrations increase with depth, site constituents extend from
the water table to the bottom of the water-bearing interval, and three
constituents are found at concentrations that suggest the possible presence of
non-mobile residual DNAPL. Some leaching of unsaturated waste/soil
materials may also be occurring, as some constituents did not show increasing
concentrations with depth. Overall, however, DNAPL dissolution appears to
be the dominant source mechanism at Site I.

Source Conceptual Model
If DNAPL dissolution is the dominant source mechanism at Site I, it is likely
that the DNAPL in the unconsolidated valley fill deposits is present as thin
vertical fingers and small horizontal pools throughout the entire vertical
extent of the water-bearing unit. Only a small fraction of the total DNAPL
mass can ever be removed by pumping any "free-phase" DNAPL pools, if
they are found. The rest of the DNAPL is immobile, and will serve as a long-
term continuing source of constituents to groundwater.
The current natural mass removal rate via dissolution from the Site I source
zone was estimated to be 7000 kg/yr assuming uniform source concentrations
throughout the source zone.
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Effect of Pumping
As shown by DNAPL dissolution expressions, increasing the flow rate through
a DNAPL source zone will significantly decrease the concentration of
constituents in the extracted groundwater. For example, if the flowrate
through a DNAPL source zone is increased by a factor of 8.9 (to 1500 gpm) due
to intensive pumping, the resulting concentration is likely to decrease by a
factor of 3.6 while pumping is active, resulting in an overall increase in the
mass removal rate of only 2.5 times. Therefore, an intensive pump-and-treat
system at Site I with 8.9 times the natural flowrate through the source area (an
achievable pumping rate if there is no reinjection) would result in an initial
mass removal rate of 17,500 kg/yr.
A planning level source lifetime calculation was done to estimate the relative
performance of various remediation schemes. This analysis, while not
providing high-confidence estimates of the absolute time to cleanup, does
indicate that with an assumed mass of 410,000 kg of VOCs + SVOCs in the
saturated zone below Site I, intensive pumping over a 10 to 30 year period does
not appear to have an appreciable effect on overall source lifetime (i.e., < 10%
reduction). Similar limitations are expected for Sites G/H/L as well.
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INTRODUCTION

As requested by Solutia Inc. (Solutia), Groundwater Services, Inc. (GSI), has
completed a study of hydrogeologic, source, and fate and transport data from
the Sauget Area 1 located in Sauget and Cahokia, Illinois. The study was
conducted to: 1) help determine what type of source mechanisms are
responsible for dissolved constituents found in the affected groundwater, and
2) determine the feasibility of remediating this source area by aggressive
pumping. This letter report summarizes the results of the study.

PROJECT BACKGROUND
An extensive RI/FS study of Sauget Area 1 is now being conducted by Solutia.
Data from two groundwater monitoring well transects indicates the presence of
dissolved constituents migrating west in groundwater from the vicinity of one
of the six source areas in Area 1 (i.e., Site I) at concentrations exceeding Illinois
Class II groundwater standards.
Source Site I
Site I originally was a sand and gravel pit which received industrial and
municipal wastes from 1931 to 1957. Site I is approximately 19 acres in area and
underlies a large, fenced, controlled-access, gravel covered truck parking lot and
the Sauget City Hall and associated parking lots (Sauget Area 1 EE/CA and
RI/FS Support Sampling Plan). Soil samples collected from Site I have
indicated elevated levels of volatile organic compounds (e.g., benzene,
chlorobenzene); semi-volatile organic compounds (e.g., naphthalene,
trichlorobenzene); pesticides; herbicides; PCBs; and metals.
Hydrogeology
Sauget Area 1 is located in the Mississippi River floodplain in an area referred
to as the American Bottoms. The geology of the area is described as consisting
of unconsolidated valley fill deposits (Cahokia Alluvium) overlying glacial
outwash material (Henry Formation). In general, the permeability of the
unconsolidated material increases with depth, with the outwash material being
comprised of medium- to coarse-grained sand and gravel. The hydrogeologic
conceptual model divides the unconsolidated water-bearing unit into three
horizons: the shallow horizon (generally 15-30 ft deep), the middle horizon
(generally 30-70 ft deep), and the deep horizon (generally 70-110 ft deep).
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These unconsolidated deposits are underlain by limestone and dolomite
bedrock.
Study Constituents
For this study, two classes of constituents were evaluated. The two constituent
classes were selected based on prevalence and concentration in groundwater,
and include:

• Volatile Organic Compounds (chlorinated and non-chlorinated), and
• Semi-Volatile Organic Compounds (chlorinated and non-chlorinated).

SOURCE MECHANISMS
Knowledge of which source mechanisms are active at a site is important for
developing an accurate conceptual model of constituent fate and transport, and
for developing appropriate remedial responses. Two source mechanisms that
have the potential to be active at the Sauget site are leaching of unsaturated
source materials and residual DNAPL dissolution (see Figure 1).

A. Leaching of Unsaturated Source Materials B. Dissolution of Trapped Residual DNAPL

FIGURE 1. Two Potential Groundwater Source Mechanisms

Leaching of unsaturated source materials (see Panel A in Figure 1) results from
infiltration of rainfall through near-surface source materials such as waste
materials in the source areas and contaminated unsaturated soils. Residual
DNAPL dissolution (see Panel B in Figure 1) occurs when soluble organic
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constituents dissolve from trapped residual DNAPL fingers and pools that
entered the subsurface when the source area was active.

EVIDENCE OF SOURCE MECHANISMS
The available groundwater data were evaluated to help assess the likelihood
that the two most likely source mechanisms are present at the site. The
following six indicators were used:
General Indicators of Strong DNAPL Dissolution Processes:
• Indicator 1: Concentrations are generally increasing with depth.
• Indicator 2: Constituents are found deep in the water-bearing unit.
• Indicator 3: Concentrations are above 1% of the pure-phase solubility.
• Indicator 4: Results of EPA Quick Reference Fact Sheet "Estimating Potential for

Occurrence of DNAPL at Superfund Sites," (Newell and Ross, 1992).

General Indicators of Strong Soil Leaching Processes:
• Indicator 5: Leachate concentrations (as indicated from TCLP tests of unsaturated waste

materials) are greater than groundwater concentrations in the shallow horizon.
• Indicator 6: Concentrations in the shallowest horizon are greater than in deeper horizons.

To assess these indicators, groundwater constituent data were compiled (see
Tables 1-2). Data from the groundwater transect (well AA-I-S1 for Site I) were
used to evaluate constituent concentrations in the shallow horizon (< 30 ft
deep) vs. middle horizon (30-70 ft deep) vs. deep horizon (70-110 ft deep) (see
Table 1). Note that only the transect monitoring well closest to the source area
was evaluated.

RESULTS
Indicator 1: An evaluation of groundwater data for Site I shows that the sum of
maximum detectable VGCs + SVOCs in groundwater concentrations from the
deep horizon is 47.5 mg/L, compared to only 22.1 mg/L in the shallow horizon
(see Table 1). This trend is also seen in the majority of the individual VOC and
SVOC constituents. For example, the maximum chlorobenzene concentration
increases from 8.7 mg/L in the shallow horizon, to 20 mg/L in the middle
horizon, and to 34 mg/L in the deep horizon. Of the five constituents with
maximum concentrations greater than 1 mg/L, three (chlorobenzene, 1,2,4-
trichlorobenzene, and 1,4-dichlorobenzene) have their maximum
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concentrations in the middle or deep horizon. The other two, cis/trans 1,2-
dichloroethene and 4-chloroaniline, have the maximum concentration in the
shallow horizon.
Indicator 2: Site constituents are found throughout the entire depth of the
unconsolidated unit, from the water table surface to locations over 100 ft deep.
Indicator 3: Three site constituents (chlorobenzene, 1,4 dichlorobenzene, and
fluoranthene) are found in concentrations that exceed 1% of each respective
pure-phase solubility (see Table 1).
Indicator 4: Based on site historical data and observed groundwater
concentrations, the EPA Fact Sheet "Estimating Potential for Occurrence of
DNAPL at Superfund Sites," shows a "High-Moderate" Potential for DNAPL at
Site I.
Indicator 5: Of the six constituents where a comparison could be made, five
had higher concentrations in the groundwater than in the leachate from waste
materials, suggesting that leaching was not responsible for the highest
groundwater concentrations at Site I (see Table 2).
Indicator 6: As described above, only two of the five constituents with
concentrations greater than 1 mg/L (cis/trans 1,2-dichloroethene and 4-
chloroaniline) have their maximum concentrations in the shallow horizon.

KEY POINT: SITE I SOURCE MECHANISMS
DNAPL dissolution is a major source mechanism at Site I based on an analysis of the
evaluated indicators. Dissolved constituent concentrations increase with depth, site
constituents extend from the water table to the bottom of the water-bearing interval, and
three constituents are found at concentrations that suggest the possible presence of non-mobile
residual DNAPL.
Some leaching of unsaturated waste/soil materials may also be occurring, as some constituents
such as 4-chloroaniline did not show increasing concentrations with depth. Overall,
however, DNAPL dissolution appears to be the dominant source mechanism at Site I.

POTENTIAL FOR SOURCE REMEDIATION
Conceptual Model of Source
The following discussion summarizes our conceptual model of the DNAPL
source located in the saturated zone beneath Site I:
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DNAPL is present as "fingers" and "pools" in the saturated zone extending
from approximately 15 to 110 ft below the surface (see Figure 2 for a
conceptual figure).
Supporting Information: "Once penetration of the capillary fringe occurs, downward
movement will continue until all the CHC (chlorinated hydrocarbon) solvent is present as
suspended fingers (ganglia) in the porous media and/or as pools of CHC perched on low-
permeability zones. Once a pool starts to form on top of a low-permeability layer
somewhere above the bottom of the aquifer, a continued supply of CHC will cause (1)
enlargement of the pool, (2) penetration of the layer, and/or (3) spawning of new
downward-moving fingers at the perimeter of the layer." Johnson and Pankow (1992)

Site-Scale Small-Scale

FIGURE 2. Conceptual Model of DNAPL Source Zone

Small horizontal pools of DNAPL are present throughout the entire
vertical extent of the saturated zone, and not just at the bottom of the unit.
Supporting Information: "In granular aquifers, small horizontal zones of residual or free-
phase DNAPL need not be caused by particularly low permeability zones such as silt or
clay. A minor contrast in grain size distribution and hence permeability, as from a coarse
sand layer to a fine sand, causes variation in DNAPL entry pressure. A DNAPL will
accumulate on the finer-grained layer while spreading laterally until it reaches the edge
of the layer, or until the height of the free-product accumulation on the layer exceeds the
entry pressure for the layer." Pankow and Cherry (1996)

Much or most of the DNAPL mass is present in the trapped residual state
that cannot be recovered by pumping.
Supporting Information: "Note that after the continuous NAPL body has been converted to a
residual form, the individual NAPL blobs are held very tightly in the porous media by
capillary forces. Wilson and Conrad (1984) evaluated the force required to mobilize and
completely sweep away residual blobs in porous media in terms of the hydraulic gradient a
pumping system would have to generate to either 1) begin blob mobilization, or 2) m o b i l i z e
all blobs in a porous medium. This relationship, presented as a graph of hydraulic
conductivity vs. required hydraulic gradient, indicates that mobilization of NAPL blobs by
pumping will occur only in very coarse porous media with a very high hydraulic gradient.
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The rest of the blobs will stay trapped in the porous media, serving as a long-term source of
dissolved contaminants." (Wiedemeier et al., 1999)
(Note: For the unconsolidated a l l u v i a l fill deposits at this site, Wilson and Conrad's
analysis indicates that a gradient of 0.5 ft/ft would be required to begin to mobilize NAPL
blobs. This is 500 times the current hydraulic gradient, and impossible to effect over the
entire source area without extensive pumping and re-injection).

It is extremely unlikely that any DNAPL that may be present at the site is
still mobile or will become mobile under current conditions.
Supporting Information: "Once the release of DNAPL into the subsurface ceases, subsurface
movement of DNAPL also ceases soon thereafter, perhaps within weeks or months a t
solvent sites. The resulting immobile DNAPL then exists in the DNAPL source zone as
"residual" non-aqueous liquid and also possibly as "free-product" accumulations ponded on
lower permeability layers within aquifers, or on the tops of aquitards. The free-product
DNAPL will not become mobile again unless a release of more DNAPL causes further
accumulation in the same zones, or unless there are changes in pressure in the surrounding
water phase due to groundwater pumping or injection." Pankow and Cherry (1996)
The presence of pools that can be pumped is relatively rare at DNAPL
sites, and if such pools are found and pumped, only a small fraction of the
total DNAPL in place is removed.
Supporting Information: "In field investigations of sites where extensive solvent
contamination exists, pools of free-product solvent are only rarely found, even when their
existence is not in doubt." "It is the author's experience that chlorinated solvents with
their high densities form thick pools only rarely." Pankow and Cherry (1996)
"Therefore, in a practical sense, NAPL removal translates to recovery of a small percentage
of NAPL at a site (i.e., whatever continuous NAPL can be collected)." Wiedemeier et a l . ,
(1999)

The presence of DNAPL pools and fingers will only occupy a small
fraction of the available pore space in the source zone.
Supporting Information: "However, heterogeneity has a marked influence on the direction
of DNAPL migration. A random distribution of permeability and displacement pressure
will result in a highly erratic pattern of DNAPL flow..." "The remarkable sensitivity of
DNAPL penetration to the c a p i l l a r y - h y d r a u l i c properties can be expected to result in
highly complex, seemingly chaotic saturation distributions in the subsurface." "Even in the
idealized case of a perfectly homogeneous medium, DNAPL can be expected to penetrate in
the form of narrow, elongated distributions in which the mean saturation of DNAPL is
small." Pankow and Cherry (1996)

The source will persist for a long time.
Supporting Information: "These calculations suggest that zones of residual DNAPL and
especially pool DNAPL can persist in the subsurface and contribute to groundwater
contamination for decades to centuries." "For most chlorinated solvents, the rate of
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dissolution of pools will be sufficiently slow that the DNAPL source zones will cause
significant contamination of the groundwater for centuries or more." Pankow and Cherry
(1996)

Pumping can increase the rate that mass is removed from the source, but
the removal efficiency will be much less than the removal efficiency for
natural attenuation.
Supporting Information: "However, the increase in mass removal (by pumping) will not be
in proportion to the increase in the groundwater pumping rate because of limitations on the
DNAPL dissolution kinetics, and because of further dilution with clean water from ou t s i d e
the source zone." Pankow and Cherry (1996)

KEY POINT: CONCEPTUAL MODEL FOR SOURCE
Most of the Site I DNAPL in the unconsolidated valley fill deposits is present as thin vertical
fingers and small horizontal pools throughout the entire vertical extent of the water-bearing
unit. Only a small fraction of the total DNAPL mass can ever be removed by pumping free-
phase pools, if they are found. Under current conditions, the rest of the DNAPL is immobile,
and will serve as a long-term continuing source of constituents to groundwater.

ESTIMATED NATURAL DISSOLUTION RATE
Natural Groundwater Flushing Rate
Separate hydraulic conductivity and hydraulic gradient data were developed for
the shallow, middle, and deep horizons of the unconsolidated deposits.
The hydraulic conductivity estimates developed for the model were based on:
1) literature reports, and 2) preliminary analysis of RI/FS slug test data. The
literature reference (Ritchey and Schicht, 1982) reported that the hydraulic
conductivity for the unconsolidated material used for water supply in the
American Bottoms area ranged from 5xlO"2 to 1.4X10" 1 cm/sec.
The analysis of RI/FS slug test data from Site I wells showed the following
hydraulic conductivities:

Horizon
Shallow
Middle
Deep

Site I
(well ST-I-S)

(cm/sec)
4 .5x lO- 3

S. lx lO'2

1 .3x10-'
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Using the data from the literature report, slug test results, and calibration work,
the following hydraulic conductivities were used in the model:

• Shallow Horizon: IxlO"2 on/sec
• Middle Horizon: IxlO"1 on/sec
• Deep Horizon: IxlO"1 cm/sec

Using RI/FS potentiometric surface maps provided by Roux Associates, Inc.,
the following hydraulic gradients were used in the model:

• Shallow Horizon: 0.001 ft/ft
• Middle Horizon: 0.001 ft/ft
• Deep Horizon: 0.001 ft/ft

These values yield the following representative values for groundwater Darcy
velocity at the site:

• Shallow Horizon: 10.4 ft/yr
• Middle Horizon: 104 ft/yr
• Deep Horizon: 104 ft/yr

As shown by the data, the shallow horizon of the unconsolidated deposits is
less permeable, and has a much lower groundwater velocity than the more
coarse-grained middle and deep horizons.
The hydrogeologic conceptual model divides the unconsolidated water-
bearing unit into three horizons: the shallow horizon (generally 15-30 ft
deep), the middle horizon (generally 30-70 ft deep), and the deep horizon
(generally 70-110 ft deep). Therefore the assumed saturated thicknesses for
the shallow, middle, and deep units were: 15 ft, 40 ft, and 40 ft, respectively.
When a 1400 ft wide source zone is assumed (the width of Site I
perpendicular to groundwater flow), a naturally-occurring groundwater
flushing rate of 168 gpm is obtained (3.1 gpm for the shallow unit, 82.5 gpm
for the middle unit, and 82.5 gpm for the deep unit).
Natural Mass Removal Rate
The average total VOC + SVOC concentrations from the transect well closest
to Site I (well AA-I-S1) are 13.3 mg/L, 21.9, mg/L, and 19.9 mg/L for the
shallow, middle, and deep horizons, respectively. For this planning-level
calculation, it was assumed that these concentrations extended throughout
the entire width of the Site I source zone, a potential overestimation

10
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(however, if all other source removal calculations use the same assumptions,
the relative results will be accurate). Therefore, the mass removal rate under
natural conditions was estimated by multiplying average VOC + SVOC
concentrations for each horizon by the flow for each horizon, and converting
to a mass rate of kg/yr leaving the source zone (3.78 L/gal; 1440 min/day; 365
day/yr; 10"6 kg/mg). This calculation resulted in the following naturally-
occurring mass removal rate totaling approximately 7000 kg/yr from all three
horizons:

• Shallow Horizon: 82 kg/yr
• Middle Horizon: 3,613 kg/yr
• Deep Horizon: 3.271 kg/yr

TOTAL: 6,966 kg/yr

KEY POINT: NATURAL MASS REMOVAL RATE
The natural mass removal rate from the Site I source zone is estimated to be 7000 kg/yr
assuming uniform source concentrations throughout the source zone.

Assumed Flowrate From An Intensive Pump-and-Treat System
Three methods were evaluated to provide a planning-level estimate of the
flowrate from an intensive pump-and-treat system at Site I (see Appendix A).
First, an empirical well yield relationship (Driscoll, 1986) based on
transmissivity, expected drawdown, and assumptions for other variables in
the nonequilibrium (Jacob) equation was used. The second method was based
on typical well yields from regional water supply wells as reported by Schicht
(1965):

"It is a general practice of industries and municipalities to place a well in operation
and pump it at high rates, often about 1000 gpm."

The third method was based on evaluating specific capacity (well yield
divided by drawdown) provided by Schicht (1965).
These calculation approaches suggest that an intensive pumping system for
Site I could yield 1000-2500 gpm. For the purpose of this project, a value of
1500 gpm was used.

KEY POINT: GROUNDWATER FLOWRATE FROM INTENSIVE PUMPING
An intensive pump-and-treat system was assumed to have a yield of 1500 gpm.

1 1
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EFFECT OF PUMPING GROUNDWATER
Because most of the DNAPL is trapped and cannot be removed by direct
pumping, a groundwater pump-and-treat system will generally not remove
DNAPL directly, but instead will slowly dissolve the DNAPL trapped in
fingers and pools. While this dissolution process is relatively slow and
inefficient, it will remove DNAPL mass.
Dissolution Kinetics for DNAPL Fingers and Pools
Several analyses have been performed to evaluate the effect of increased
pumping rates on the DNAPL dissolution rate for both fingers and pools. In a
key paper written by Hunt et al. in 1988, the authors developed relationships
for the kinetics of dissolution in NAPL source zones. They evaluated
laboratory studies and mass transfer approaches used in the chemical
engineering literature, and derived dissolution expressions for residual
NAPL ganglia (also called "fingers" or "blobs"). They concluded that:
"Ganglion lifetimes are weakly dependent onflow velocity such that to decrease the lifetime
from 100 years to 10 years requires a three order of magnitude increase (xlOOO) in flow velocity."

In other words, increasing the groundwater pumping rate will increase the
finger dissolution rate, but only slightly based on this relationship:

mass transfer rate with pumping _ - 3mass transfer rate without pumping

Using this NAPL dissolution relationships reported by Hunt et al. (1988), a
1500 gpm pumping system (a 8.9 times increase in the natural flow rate
through the system) would result in a 8.9 fold increase in water flushed
through the system, but a 4.3 fold decrease in effluent concentrations,
resulting in a net increase in mass removed only by a factor of 2.1:

[ 1 6 8 gpm Jmass transfer rate with pumping _ ———3———
mass transfer rate without pumping

The same type of concentration reduction is expected when higher
groundwater flowrates are used to dissolve NAPL pools. Dissolution kinetic
relationships developed by Johnson and Pankow (1992) indicate that the mass

12
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transfer rate (and pool lifetime) changes with the square root of groundwater
velocity:

Pool Dissolution Time (yrs) = 2.43xlQ-5 p CMt [ L//DV vd ] 0.5

where:
P = DNAPL density (g/m3)
CMt = saturation concentration (g/m3)
IP = length of pool in direction of groundwater flow (m)
Dv = vertical dispersion coefficient (m2/s)
vd = Darcy velocity for groundwater (m/day)

Therefore, increasing the groundwater flowrate over a pool by a factor of 8.9
would result in an initial concentration decrease by a factor of 3.0
(approximately the square root of 8.9), and the overall increase in the mass
removal rate by only a factor of 3.0.
Note that these theoretical expressions are supported by lab and field data
(e.g., see Pankow and Cherry, 1996). Because source zones include a mixture
of pools and fingers, it was assumed in this shady that increasing the
groundwater flowrate through the source zone by a factor of 8.9 (by pumping)
would increase the mass transfer by a factor of 2.5 (the mid-point of finger
value of 2.1 and pool values 3.0) when pumping was started. This is because
groundwater concentrations decrease by a factor of 3.6 due to mass transfer
effects. Note that after pumping is stopped, the concentrations would
rebound and increase by a factor by the same amount (in the case of these
calculations, by a factor of 3.6).

KEY POINT: EFFECT OF PUMPING GROUNDWATER ON CONCENTRATIONS
As shown by DNAPL dissolution expressions, the mass removal rate from a DNAPL source
zone is only weakly dependent on the groundwater pumping rate. For example, if the flowrate
though a DNAPL source zone is increased by a factor of 8.9 due to intensive pumping, the mass
removal rate will only increase by a factor of 2.5 (a representative value for effects of
pumping on DNAPL finger and DNAPL pool dissolution) because concentrations in the
recovered groundwater would be reduced by a factor of 3.6 due to mass transfer effects.

Mass Removal Rate of Intensive Pump-and-Treat System
Under an intensive pumping scenario with an increase in natural flow (from
168 gpm to approximately 1500 gpm), the groundwater concentrations being
removed from the source are expected to fall to between one-third to one-fifth

13
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of the observed concentrations under lower flow, natural conditions.
Assuming a middle value of post-pumping concentrations that are 3.6 times
smaller than the natural concentrations, the initial VOC + SVOC effluent
concentrations from an intensive groundwater pump-and-treat system are
estimated to be: 3.7 mg/L, 6.0 mg/L, and 5.5 mg/L for the shallow, middle,
and deep units, respectively.
Therefore, under an intensive pump-and-treat scenario where 1500 gpm are
being flushed through the Site I source zone (an 8.9-fold increase in the
flushing rate), the initial mass removal rate is predicted to only increase by a
factor of 2.5, from 7000 kg/yr to 17,500 kg/yr due to mass transfer effects
related to DNAPL dissolution. Note that this is only the initial mass removal
rate for the intensive pumping case, and that this concentration will drop
slowly over time as mass is removed from the system.

KEY POINT: MASS REMOVAL RATE FROM INTENSIVE PUMPING
An intensive pump-and-treat system was estimated to have an initial mass removal rate of
17,500 kg/yr, accounting for both the increased flowrate through the system and decreased
concentrations in groundwater.

Effect of Pumping on Source Lifetime
Estimating source longevity is a process involving considerable uncertainty,
as the original mass in place, mass removal rate, and the change in the mass
removal rate over time must all be known. While absolute estimates have a
high level of uncertainty, the relative comparison of remediation alternatives
can be made with more confidence. In the analysis below, the absolute values
for source lifetime should be considered highly uncertain, while the relative
comparisons should be considered more accurate.
Estimated Source Mass
A range of estimates of source mass were developed, assuming that the entire
saturated zone below Site I is affected by DNAPL. Then the calculated mass
removal rates for natural attenuation and an intensive pump-and-treat
system were used to estimate source longevity.
Source mass is a function of source volume, the porosity, the residual
saturation of DNAPL in the source zone, and the fraction of source volume
containing DNAPL. At Site I, the estimated source volume is 1400 ft by 95 ft
by 500 ft, or 66,500,000 ft3. Residual saturation (the fraction of open pore space
occupied by DNAPL) values are typically assumed to be between 0.01 and 0.15

14
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(see Pankow and Cherry, 1996), and a value of 0.05 was used for this analysis.
A porosity of 0.35 was considered representative of the unconsolidated
alluvial deposits at the site. Finally, it was assumed that 1% of the aquifer
volume contains residual DNAPL.
Based on these assumptions, a planning-level estimate for the volume of
DNAPL under Site I was estimated to be 87,000 gallons. Assuming an average
density of 1.25 (based on an average of the density of chlorobenzene and 1,4-
dichlorobenzene, two of the most commonly-found site constituents), the
estimated mass of DNAPL is approximately 410,000 kg. Note that the actual
mass may be more or less, but for the purpose of performing relative
calculations of source longevity this value appeared to provide reasonable
results.

KEY POINT: SITE I SOURCE MASS ESTIMATE
A planning-level source mass estimate of 410,000 kg of VOCs+SVOCs was estimated for the
DNAPL source zone below Site I. There is considerable uncertainty in this estimate, with the
actual mass potentially being higher or lower than 410,000 kg.

Source Decay Model
A simple source model, originally developed as part of the BIOSCREEN
model (Newell et. al. 1996, EPA/600/R-96/087) and now being included as part
of the BIOCHLOR model (Aziz et al., 2000, EPA/600/R-00/008) was used to
estimate the lifetime of the groundwater source at Site I under different
remediation options.
In this simple box model, the source zone is considered to be located in a box
containing some mass of dissolvable contaminants. The rate at which
contaminants leave the box is estimated from the rate at which flowing
groundwater removes contaminants from the box. The time required to
achieve a cleanup standard can then be estimated by comparing the mass of
contaminants in the box vs. the time required to remove contaminants from
the box. To more closely match real-site conditions, the source concentration
is assumed to decay over time, in proportion to the remaining source mass
(Wiedemeier et al., 1999). With this assumption, the source concentration
over time can be described using:

15
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C = Cso

where:
C, = Source concentration at time t (mg/L)
GJO = Observed source concentration at t = 0 (mg/L)
t = Time (years)
ks = Source decay coefficient (1/year)

(Note that this decay coefficient is not related in any way to first-order decay
coefficients reported in the literature for natural attenuation, as the literature
values typically represent decay half-lives from 0.1 to 10 years and represent
biodegradation of dissolved contaminants in the plume once they have left
the source. The source decay coefficient values represent how quickly a source
zone is being depleted, and will usually have much longer half-lives, typically
tens or hundreds of years.)
The source decay coefficient, representing how quickly the source is being
depleted, can be derived using estimates of the source mass and rate that
contaminants leave the source (Newell et al., 1996):

where:
Q = Groundwater flowrate through source zone (L/year)
GS,, = Observed source concentration at time = 0 (mg/L)(or kg/L)
MQ = Dissolvable mass in source at time = 0 (mg)(or kg)

This model assumes that the only mass leaving the source zone is dissolved
in the water flowing through the source zone. Note that Q and C^ are related;
the thickness of the source zone should be matched with an appropriate
average concentration for that entire depth horizon.
With a first-order source decay term, the source concentration at any time can
be derived, providing the time required to reach any concentration:

where:
t = Time required to reach concentration Ct (years)

16
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Five Source Lifetime Cases
For this analysis, five different cases were evaluated using the source lifetime
described above:

Case 1: Natural attenuation only (initial removal rate of 7000 kg/yr)
Case 2: 1 year of intensive pump-and-treat (initial removal rate of 17,500 kg/yr),

followed by natural attenuation
Case 3: 5 years of intensive pump-and-treat (initial removal rate of 17,500 kg/yr),

followed by natural attenuation
Case 4: 10 years of intensive pump-and-treat (initial removal rate of 17,500 kg/yr),

followed by natural attenuation
Case 5: 30 years of intensive pump-and-treat (initial removal rate of 17,500 kg/yr),

followed by natural attenuation

With this approach (see Appendix B), the following times to cleanup were
estimated:

Estimated Time to
Cleanup
(years)

Case 1
Case 2

CaseS

Case 4

Case 5

Natural Attenuation Only
1 Yr of Intensive Pump-and-Treat +
Natural Attenuation
5 Yrs of Intensive Pump-and-Treat
+ Natural Attenuation
10 Yrs of Intensive Pump-and-Treat
+ Natural Attenuation
30 Yrs of Intensive Pump-and-Treat
+ Natural Attenuation

488
486

480

472

441

% Reduction from
Natural Attenuation

Only
-

0.4% reduction

2% reduction

3% reduction

10% reduction

Figure 3 shows a comparison of source concentrations vs. time for two of the
six cases.
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Source Concentration vs. Time Analysis
Sauget Area 1, Site I

100.000

voosvoc
Cone. (mg/L)

0 1 0 0 -

0.010

0001 . is

FIGURE 3. Source concentration vs. time graphs for Case 1 (Natural Attenuation Only) and
Case 5 (30 Years of Intensive Pump-and-Treat + Natural Attenuation). For Case 1,
concentrations start at 20 mg/L and decline as a first order decay relationship over time. For
Case 5, the source concentration starts at 20 mg/L, but concentrations are reduced by a factor
of 3.6 due to mass transfer effects caused by the almost 9 times increase in groundwater flow
through the source zone. After 30 years, pumping is stopped, groundwater flow is restored to
natural conditions, and mass transfer effects cause an increase in concentration by a factor of
3.6 (the "rebound" effect). Overall, the source modeling exercise shows that with the source
assumptions described in the text, the time required to restore groundwater is reduced only
slightly by 30 years of intensive pumping, from 488 years to 441 years ( 10% reduction).

Sensitivity Analysis

The source lifetime analysis has several areas of uncertainty, and should be
used to evaluate relative differences between remediation alternatives rather
than to provide an absolute source lifetime estimate. Significant sources of
uncertainty include:

• The assumption that concentrations observed in well AA-I-S1 extend
throughout the e n t i r e 1400 ft source width of Site I. If some sections of the
1400 ft source width of Site I are lower concentration, the following impact
on the source lifetime is expected: 1) for the natural attenuation case, the
overall source lifetime estimates will not change as both the removal rate
and the mass in the source are functions of the source width; and 2) for the
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pumping case, some reduction in overall source lifetime is expected as
source mass is dependent on source width but removal rate is not (it is
dependent on pumping rate and expected concentrations).

• The assumptions that the source is represented by a residual DNAPL
saturation of 0.05 and that 1% of the source zone is impacted by DNAPL
r e s i d u a l . These assumptions have a great deal of uncertainty (the
literature reports that residual saturations can be as high as 0.50), and were
selected in part to yield source lifetimes in the range of several hundreds
of years to match the source conceptual model discussed above. If the
source is much smaller than the estimated 410,000 kg of VOCs+SVOCs,
then the impact of a pumping system will be greater, and greater than a 1 %
to 10% reduction in source lifetime will be realized. If the source mass is
only 41,000 kg (an unlikely event based on the persistence of the source to
date), then an intensive pump-and-treat system is predicted to reduce the
source lifetime by from 49 years (natural attenuation alone) to 22 years
(intensive pumping). Conversely, if the mass is greater, a pump-and-treat
system will have less of an effect.

Other, potentially less significant sources of uncertainty are:
• The assumption that concentrations under a pumping scenario will be

smaller than concentrations observed under natural flow conditions.
While there is uncertainty in the actual amount, it has been demonstrated
in lab studies and the field that increasing the flowrate through a DNAPL
source zone will result in lowered concentrations (for example, see
Pankow and Cherry, 1996). Therefore we expect some concentration
reduction with a pump-and-treat scenario.

• The assumption that the flow throughout each interval is uniform and
that the concentration in each interval can be calculated by averaging each
sample point. These assumptions were used in the mass removal
calculation. While there may be some uncertainty in these assumptions,
the large number of vertical samples reduces the potential error.

• The assumption of a first-order decay relationship for the source
dissolution rate. This assumption is based on observations about source
decay, and is now used in two EPA peer-reviewed models, BIOSCREEN
and BIOCHLOR. While the exact source concentrations curve may not be
exactly first order, it will almost certainly fit a first-order decay curve better
than assuming constant source concentrations until the source is
exhausted. (Note that the use of the first order decay model for the source
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does not mean that literature-based first-order decay constants for
dissolved constituents were used. A source decay constant is based on
removal rate and initial source mass, while a biodegradation rate is based
on how fast concentrations decay after they leave the source. This study
used a source decay approach, and did not use biodegradation rates to
estimate source lifetime).

• No availability effects related to desorption of constituents at low
concentrations have been considered. Slow desorption of non-available
fraction of constituents sorbed to aquifer materials will likely reduce the
efficiency of any flushing technology. More pronounced effects may be
observed for intensive pumping scenarios.

Additional Analysis

A similar analysis was performed for Sites G/H/L using the same calculation
approach as was used for Site I (Appendix B). Two cases were performed, and
show little impact from a five-year intensive pumping program:

Estimated Time to % Reduction from

Case 6

Case?

Natural Attenuation Only - Sites
G/H/L
5 Yrs of Intensive Pump-and-Treat
+ Natural Attenuation

Cleanup
(years)

434

427

Natural Attenuation
Only

-

2% reduction

An evaluation of other constituents present in Sites G/H/I/L groundwater,
such as herbicides, pesticides, dioxins, and metals indicates that some
constituents will like achieve cleanup goals faster than the VOCs + SVOCs
analyzed for this source report, and others may take longer. Ratios of the
maximum observed concentrations at Area 1 vs. the Illinois Class I standard
for representative constituents provide a general indication of how quickly
various constituents may achieve cleanup goals:
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CONSTITUENT
(Constituent Class)

Chlorobenzene (VOC)
2,4-dichlorobenzene (SVOC)
Alpha-BHC (Herbicide)
2,4-D (Pesticide)
Total PCBs (PCB)
Cu (Metal)
Ni (Metal)
Pb (Metal)
Zn (Metal)

MAXIMUM
CONCENTRATION IN

GROUNDWATER(ug/L)
34,000
14,000

72
190
12

3000
7800
3600

33,000

ILLINOIS CLASS I
STANDARD(ug/L)

100
75

0.03
70

0.5
650
100
7.5

5000

GROUNDWATER
SERVICES, INC

RATIO OF
MAX. CONC. /

ILLINOIS
CLASS I STD.

340
187

2400
2.7
24
4.6
78

480
6.6

On the basis of this general evaluation, alpha-BHC may take longer to achieve
cleanup goals than the VOCs+SVOCs, while 2,4-D may take less time. Other
factors, such as the mass of each constituent in the source zone and the
constituent-specific fate and transport process will determine the ultimate
time required to remediate the Area 1 source zones.

KEY POINT: ESTIMATED SOURCE LIFETIMES FOR SEVEN CASES
A planning level source lifetime calculation was done to estimate the relative performance of
various remediation schemes. This analysis, while not providing high-confidence estimates
of the absolute time to cleanup, does indicate that with an assumed mass of 410,000 kg of
VOCs + SVOCs in the saturated zone below Site I, intensive pumping over a 1 to 30 year
period does not appear to have an appreciable effect on overall source lifetime (i.e., < 10%
reduction). Similar limitations are expected at Sites G/H/L as well.

CONCLUSIONS
Based on the overall groundwater source evaluation at Site I of Sauget Area 1,
DNAPL dissolution appears to be the dominant source mechanism. Planning
level source lifetime calculations indicate that intensive groundwater
pumping will not have an appreciable effect on the overall source lifetime at
Site I or at Site G/H/L.
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TABLE 1
SUMMARY OF SITE I GROUNDWATER CONCENTRATIONS BY DEPTH AND

COMPARISON TO CONSTITUENT SOLUBILITY
Sampling Period: November to December 1999

Solutia Inc.
Area 1, Sauget and Cahokia, Illinois

VOCs
1,1-Dichloroethane
1,1-Dichloroethene
Benzene
Chlorobenzene
cis/trans-l,2-Dichloroethene
Ethylbenzene
Tetrachloroethene
Toluene
Vinyl Chloride
Xylenes, total
SVOCs
1,2,4-Trichlorobenzene
1 ,2-Dichlorobenzene
1,3-Dichlorobenzene
1 ,4-Dichlorobenzene
2,4,5-Trichlorophenol
2,4-Dichlorophenol
2-Chlorophenol
2-Methylnaphthalene
2-Methylphenol (o-cresol)
4-Chloroaniline
Acenaphthene
Carbazole
Di-n-butylphthalate
Dibenzofuran
Diethylphthalate
Fluoranthene
Hexachlorobenzene
N-Nitrosodiphenylamine
Naphthalene
Phenanthrene
Phenol
bis(2-chloroethyl)ether
bis(2-ethylhexyl)phthalate

0.96
0.032 J

0.62
8.7
1 .2

0.87
<0.5

0.018 J
0.97
<0.5

<0.01
0 . 13
0.1 1
4 .4

<0.01
<0.01

0.0055 J
<0.01
<0.01
4.1 D
<0.01

0.0014 J
<0.01
<0.01
<0.01
<0.01
<0.01

0 .0053
0.0042 J

<0.01
<0.01

0.0011 ]
0.00069 J

<0.5
<0.5
0 . 19
20.0
0.31
0.27
<0.5

0.086 J
0.32

0.023 ]

<0.5
0.32 J
0.29]
10 D
<0.5

0.042
0.039
<0.5

0.003 J
1.7 D
<0.5

0 .013
0.00034 J

0.019 ]
0.0051 J
0.022 J

<0.5
0.028
0.024

0.089 J
0.0044 J

<0.5
<0.09

llf*£-3yM *̂M'iK/*l(illf

< 1 .0
< 1 .0

0 . 1 4 ]
34.0

0.001 J
0 .074

0.001 ]
0.00089 J
0.0012 J

0 .0 14

2.7
0.5

0.150 J
9.7 D

0.0018 )
0.047 J
0.052

0.0013 J
<0.4

0 .0 18
0.00033 ]

0.013
0.00051 J

<0.4
<0.4
<0.4

0.001 J
0.02

0 .066
0.0013 J

<0.4
<0.4

<0.072

niiiiiiin iiiiii»£iiii
5,060
2,250
1,750
iZ2

3,500 (7)
169
200
526

2,760
186

300
156
NA

73.8
1 ,200
4,500

22,000
NA

26,000
5,300
4.24
7.48
1 1 .2
NA

1,080
0.206

6.2
35 . 1
31
NA

82,800
17 ,200

0.34
Total Detected Cone. (mg/L) 22.1 33 .8 47 .5

Notes:
1) Table includes only those compounds detected in at least one groundwater sample for each constituent

class. Comparison to solubility includes groundwater sampled at any depth in source area monitoring well.
2) Groundwater samples included are from nearest source area monitoring well only (i.e., AA-1-S1) .
3) ] = Estimated value. D = Diluted sample. NA = Not available.
4) Bold type denotes maximum groundwater concentration by depth.
5) Underlined bold italics type denotes maximum groundwater concentration exceeds 1% of constit. solubility.
6) Lowest solubility of cis/trans-l,2-Dichloroethene pair indicated.
7) Solubility data from Illinois Tiered Approach to Corrective Action Objectives (TACO).
8) For comparison purposes, non-detectable concentrations are taken as the detection limit shown.
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TABLE 2
SUMMARY OF SITE I GROUNDWATER CONCENTRATIONS BY DEPTH VERSUS

TCLP WASTE DATA
Sampling Period: November to December 1999

Solutia Inc.
Area 1, Sauget and Cahokia, Illinois

GROUNDWATER
SERVICES, INC

VOCs
1 ,1 -Dichloroethane
1 , 1 -Dichloroethene
Benzene
Chlorobenzene
cis / trans-1 ,2-Dichloroethene
Ethylbenzene
Tetrachloroethene
Toluene
Vinyl Chloride
Xylenes, total
SVOCs
1 ,2,4-Trichlorobenzene
1,2-Dichlorobenzene
1 ,3-Dichlorobenzene
1 ,4-Dichlorobenzene
2,4,5-Trichlorophenol
2,4-Dichlorophenol
2-Chlorophenol
2-Methylnaphthalene
2-Methylphenol (o-cresol)
4-Chloroaniline
Acenaphthene
Carbazole
Di-n-butylphthalate
Dibenzofuran
Diethylphthalate
Fluoranthene
Hexachlorobenzene
N-Nitrosodiphenylamine
Naphthalene
Phenanthrene
Phenol
bis(2-chloroethyl)ether
bis(2-ethylhexyl)phthalate

0.96
0.032 J

0.62
8.7
1 .2

0.87
<0.5

0.018 J
0.97
<0.5

<0.01
0 . 13
0.1 1
4.4

<0.01
<0.01

0.0055 J
<0.01
<0.01
4.1 D
<0.01

0.0014 J
<0.01
<0.01
<0.01
<0.01
<0.01

0.0053
0.0042 J

<0.01
<0.01

0.0011 J
0.00069 J

^C^̂ l̂̂ l̂ !̂ ^ li

<0.5
<0.5
0. 19
20.0
0.31
0.27
<0.5

0.086 J
0.32

0.023 J

<0.5
0.32 J
0.29 J
10 D
<0.5

0.042
0.039
<0.5

0.003]
1.7 D
<0.5

0.013
0.00034 J

0.019 J
0.0051 J
0.022 J

<0.5
0.028
0.024

0.089 J
0.0044 J

<0.5
<0.09

<1.0
<1.0
0. 14 ]
34.0

0.001 J
0.074

0.001 ]
0.00089 J
0.0012 J

0.014

2.7
0.5

0.150 J
9.7 D

0.0018 J
0.047 J
0.052

0.0013 ]
<0.4
0.018

0.00033 J
0.013

0.00051 ]
<0.4
<0.4
<0.4

0.001 J
0.02

0.066
0.0013 J

<0.4
<0.4

<0.072

NA
<0.02
0. 14
8.9
NA
NA

0.29
NA

<0.04
NA

NA
NA
NA
1 .3
IA
NA
NA
NA

0.014 J
NA
NA
NA
NA
NA
NA
NA

<0.05
NA
NA
NA
NA
NA
NA

-
GW
GW
GW

-
-
-
-

GW
-

-
-
-

GW
TCLP

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

GW Cone. Greater 5
TCLP Cone. Greater 1

Notes:
1) Table includes only those compounds detected in at least one groundwater sample for each constituent class.

Comparison to TCLP waste concentration includes groundwater sampled at any depth in source area monitoring well.
2) Groundwater samples included are collected from nearest source area monitoring well only (i.e., AA-I-S1).
3) J = Estimated value. D = Diluted sample.
4) Underlined bold type denotes maximum groundwater concentration or TCLP concentration.
5) TCLP waste data from unsaturated waste samples.
6) NA = Not analyzed.
7) For comparison purposes, non-detectable concentrations are taken as the detection limit shown.
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APPENDIX A
DESIGN PUMPING RATE OF HYDRAULIC CONTAINMENT WELLS
Groundwater Alternative D, Intensive Pumping, Sites G, H, I, and L

Sauget Area 1, Sauget and Cahokia, Illinois

PROBLEM: What is estimated pumping rate and number of wells for intensive pumping system
for Site I + Sites G/H/L plume?

ASSUMPTIONS:

K = 0.1 cm/sec for middle, deep horizon
b = 80 ft (40 ft middle horizon, 40 ft deep horizon)
i = 0.001 ft/ft
Available drawdown (s) = 15 ft (thickness of shallow unit) (this equals thickness of

shallow saturated horizon)

METHOD: Use three different methods to develop a basis for flowrates for an intensive
pumping system for the combined Site I + Site G/H/L plume areas.

Method 1. First, an empirical well pumping rate relationship (Driscoll, 1986) based on
transmissivity, expected drawdown, and assumptions for other variables in the nonequilibriurn
(Jacob) equation was used. For this site, a transmissivity of 170,000 gpd/ft was calculated
(based on an assumed hydraulic conductivity of 0.1 cm/sec and a saturated thickness of 80 ft for
the combined middle and deep horizons).

For unconfined units:

Q — (Eqn. 3, Q in gpm, s in ft, T in gpd/ft)5 \ 3UU

ft)

= (K)(b

f cm V 86400 *cV_jn
sec ){ day )( 2.54 cm )(\2 in f \ ft^

T= \70.WO gpd/ft

( ,
170,000 £?-ft

1500

A-l
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(2 = 1700 gpm

so that:

Q = 1700 gpm for pumping from a regional pumping well

Method 2. Schicht (1965) reports that "It is a general practice of industries and municipalities
to place a well in operation and pump it at high rates, often about 1000 gpm." Therefore based
on this method:

Q = 1000 gpm for pumping from a regional pumping well

Method 3. Schicht also reports the specific capacity from three wells in T2N, R10W (where
Area 1 is located) as being 152.5,188, and 158 gpm/ft, respectively. By averaging these specific
capacities (166 gpm/ft), and multiplying by an assumed drawdown of 15 ft, a pumping rate of
2490 gpm is obtained. As would be expected, use of specific capacities results in a wide range of
predicted well pumping rates due to the effects of well construction, well condition, and local
hydrogeologk conditions.

Q = 2500 gpm for pumping from a regional pumping well

RESULT: These calculation approaches suggest that a regional pumping well could yield from
1000 to 2500 gpm in the Area 1 location.
Therefore, it was assumed that the total pumping rate of any intensive pumping system would
also be in this range, although the flow would be distributed among several wells. Therefore
the following conceptual design was developed:

Qtotal = 1500 gpm total flowrate (based on lower-middle range of flowrate
estimates to be conservative)

A-2
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APPENDIX B
RELATIVE SOURCE LIFETIME OF AREA I UNDER NATURAL

ATTENUATION VS. INTENSIVE PUMP AND TREAT
Groundwater Alternative D, Intensive Pumping, Sites G, H, I, and L

Sauget Area 1, Sauget and Cahokia, Illinois

I. SOURCE LIFETIME CALCULATION: SITE I

PROBLEM: What is relative source lifetime of Site I under natural attenuation vs. intensive pump
and treat conditions?

ASSUMPTIONS:
1. Source Volume = (1400,/i)(500/r)(95/f) 7.48-^ (0.35)(0.05)(0.01) = 87,000 gals

Source Mass = (87,OOOga/N ——— f ———- = 410,000 kg^ gal JV L )

Where: width = 1400 ft; length = 500 ft; sat. thickness = 95 ft; porosity = 0.35; assumed
residual saturation = 0.05; fraction of source containing residual saturation = 0.01. (see
text)

2. Current Mass Removal Rate: 7000 kg/yr (Natural Attenuation) (see text)
Initial Intensive Pumping Removal Rate: 17,500 kg/yr (Intensive Pump-and-Treat) (see
text).

3. Case 1 Natural Attenuation Only - Site I
Case 2 1 Yr of Intensive Pump-and-Treat + Natural Attenuation - Site I
Case 3 5 Yrs of Intensive Pump-and-Treat + Natural Attenuation - Site I
Case 4 10 Yrs of Intensive Pump-and-Treat + Natural Attenuation - Site I
Case 5 30 Yrs of Intensive Pump-and-Treat + Natural Attenuation - Site I

4. Starting concentration under natural conditions: 20 mg/L (representative of middle and
deep units in 1999). Starting concentration under pumping conditions: 5.5 mg/L (due to
mass-transfer effects for deep and middle units; factor of 3.6 reduction).

5. Assumed ending concentration: 0.005 mg/L (MCL for several constituents).

MODEL:

-^- = e-
k>' (from BIOSCREEN and BIOCHLOR models; see text)

B-l
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Mass Removal Rate (kg/yr) . , .——————•-— v (KS = source decay constant)
MOSS (itg)

-ln|-^-
r(>r) = .

Model Applied to Case 1: Natural Attenuation Only

7000—
ks = ————^— = 0.017 yr'1410,000 kg

0.017

RESULT (Case 1): t = 488 years

Model Applied to Case 2: Intensive Pump and Treat With 1 Year of Pumping

17,500^-
ks = ——————— = 0.043 yr"1

410,000 kg

C\yr _ _(Q.041yr~l )(\yr)
5.5mg/L e

C\yr = 5.27 mg/L

Time to cleanup after 1 yr of pumping is finished, with 3.6-times increase in concentration due to
rebound (5.27 mg/L * 3.6 = 19.0 mg/L).

0_005m£/L =19 .0 mg/L

. (0.005}-In ———,^ U9 .0J
0.017

( = 485 years

B-2
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RESULT (Case 2): Total time to cleanup (Intensive Pump-and-Treat for 1 yr) = 1 + 485 = 486 years

Model Applied to Case 3: Intensive Pump and Treat With 5 Years of Pumping

17,500^-
k r =s 410,000 kg— = 0.043

C 5 yrs _ (0.043 yr - 1)(5 yrs)
5.5 mg/L ~e

Time to cleanup after 5 yrs of pumping is finished, with 3.6-times increase in concentration due to
rebound (4.44 mg/L * 3.6 = 16.0 mg/L).

0.005 mg/Z. = (0017 yr-i)(,yK)16.0 mg/L

, ( 0.005 A-In ———U6.0J
0.017

f = 475 years

RESULT (Case 3): Total time to cleanup (Intensive Pump-and-Treat for 5 yrs) = 5 + 475 = 480 years

B-3
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Model Applied to Case 4: Intensive Pump and Treat With 10 Years of Pumping

17.500^
410,000 kg = 0.043 vr~

C \Qyrs _ {0 .043vr~ 1 ) ( 10vw)
5.5 mg/L ~ e

Time to cleanup after 10 yrs of pumping is finished, with 3.6-times increase in concentration due to
rebound (3.58 mg/L * 3.6 = 12.9 mg/L).

0.005 mg/L = _ ( o017yr- ' ) ( ; y r i )
1 2 .9m g / L

, ( 0.005 A-In ———.__ U2.9 }
0.0 17

( = 462 years

RESULT (Case 4): Total time to cleanup (Intensive Pump-and-Treat for 10 yrs) = 10 + 462 = 472 years

Model Applied to Case 5: Intensive Pump and Treat With 30 Years of Pumping

17,500^
410,000 kg = 0.043 yr'

C nov.

_ (0 .043vr~ 1 ) (30yr S )
5. 5 mg/L

Time to cleanup after 30 yrs of pumping is finished, with 3.6-times increase in concentration due to
rebound (1.51 mg/L * 3.6 = 5.4 mg/L).

B-4
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0.005 m g/L = ioollyr-^lyfse-

. (0.005}-In ———^ I 5.4 J
0 .0 17

( = 411 years

RESULT (Case 5): Total time to cleanup (Intensive Pump-and-Treat for 30 yrs) = 30 + 411 = 441 years

CONCLUSION: Comparison of Cleanup Times - Site I

Case 1 Natural Attenuation O n l y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .488 years
Case 2 1 Yr of Intensive Pump-and-Treat + Natural Attenua t i on . . . . . . . . . . . . . . . . .486 years
Case 3 5 Yrs of Intensive Pump-and-Treat + Natural Attenuation . . . . . . . . . . . . . . . 4 8 0 years
Case 4 10 Yrs of Intensive Pump-and-Treat + Natural Attenuat ion . . . . . . . . . . . . . .472 years
Case 5 30 Yrs of Intensive Pump-and-Treat + Natural Attenua t i on . . . . . . . . . . . . . .441 years
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II. SOURCE LIFETIME CALCULATION: SITES G/H/L

PROBLEM: What is relative source lifetime of Sites G/H/L under natural attenuation vs. intensive
pump and trea conditions?

ASSUMPTIONS:

1. Assume Sites G/H/L together have approximately same dimensions as Site I, with 1% of
the starting mass as Site I, because VOC+SVOC concentrations are much lower leaving
Sites G/H/L (~ 0.20 mg/L) than Site I (~ 20 mg/L).

2. Assume ratio of source mass at Sites G/H/L and Site I are proportional to ratio of
representative concentrations and width parallel to groundwater flow leaving Sites G/H/L
and Site I.

c- ** f representative cone. Sites G/H/L mg/L\ , , ,Source Mass = ——————————————————— (Est. Mass Site I kg)V representative cone. Site I mg/L )

= fa2°mg/L 1(4.0.000 kg)I, 20 mg/L / Kl

= 4100 kgs

3. Current Mass Removal Rate: Assume 1% of Site I mass removal rate based on ratio of
representative concentration at Site I (20 mg/L VOC+SVOC) to representative
concentration at Sites G/H/L (0.20 mg/L VOC+SVOC).

Natural Source Removal Rate =
(representative cone. Sites G/H/L mg/L V Width Sites G/H/L Y , „. , , ,— —————————————————— —————————— (Est' Mass Removal Rate Site I kg/yrV representative cone. Site I mg/L IV Width Site I )

0.20 mg/L V 750f t (7000 kg/yr)\ & J }20 mg/L JV 1400 ft/
= 35 kg/yr

Use Initial Intensive Pumping Removal Rate of 2.5 times 34 kg/yr (Intensive Pump-and-
Treat= 87.5 kg/yr

4. Run analysis for two cases:
Case 6 Natural Attenuation Only - Site G/H/L
Case 7 5 Yrs of Intensive Pump-and-Treat + Natural Attenuation - Site G/H/L

5. Starting concentration under natural conditions: 0.20 mg/L (representative of middle and
deep units in 1999). Starting concentration under pumping conditions: 0.056 rng/L (due to
mass-transfer effects for middle and deep units; factor of 3.6 reduction).

6. Assumed ending concentration: 0.005 mg/L (MCL for several constituents).
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MODEL:

C(naw\
= e~k'' (from BIOSCREEN and BIOCHLOR models; see text)

Mass Removal Rate (kg/vr)k v = ———————————-—'-
1- (KS = source decay constant)Mass (kg)

Model Applied to Case 6: Natural Attenuation Only

™
0.0085

RESULT (Case 6): t = 434 years

Model Applied to Case 7: Intensive Pump and Treat With 5 Years of Pumping

87.5^
4\00kg

Starting concentration under pumping conditions: 0.056 mg/L (due to mass-transfer effects for
deep and middle units; factor of 3.6 reduction).

_ (0 .021v r ~ 1 ) (5 >T5 )
0.056 mg/L e

C5 T = 0.050

Time to cleanup after 5 yrs of pumping is finished, with 3.6-times increase in concentration due to
rebound (0.050 mg/L * 3^6 = 0.18 mg/L).
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0.005 mg/L ^ (o . ( )0085vr- ' ) ( rvr . s )0 . 1 8 m g / L

, f 0.005^-In ———i. 0 . 1 8 j
0.0085

r = 422 years

RESULT (Case 7): Total time to cleanup (Intensive Pump-and-Treat for 5 yrs) = 5 + 422 = 427 years

CONCLUSION: Comparison of Cleanup Times - Sites G/H/L

Case 6 Natural Attenuation Only - Sites G / H / L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 3 4 years
Case 7 30 Yrs of Intensive Pump-and-Treat + Natural Attenuation -

Sites G/H/L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 2 7 years
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Ground-Water Development in East St. Louis Area, Illinois
by R. J. Schicht

A B S T R A C T
The East St. Louis area extends along the valley lowlands of the Mississippi River

in southwestern Illinois and covers about 175 square miles. Large supplies of ground
water chiefly for industrial development are withdrawn from permeable sand and
gravel in unconsolidated valley fill in the area. The valley fill composed of recent al-
luvium and glacial valley-train material has an average thickness of 120 feet. The
coefficient of permeability of the valley fill commonly exceeds 2000 gallons per day
per square foot (gpd/sq f t ) ; the coefficient of transmissibility ranges from 50,000 to
300,000 gallons per day per foot (gpd/ft). The long-term coefficient of storage of the
valley fill is in the water-table range.

Pumpage from wells increased from 2.1 million gallons per day (mgd) in 1900 to
110.0 mgd in 1956 and was 105.0 mgd in 1962. Of the 1962 total pumpage, 91.1 percent
was industrial; 6.4 percent was for public water supplies; 2.3 percent was for domestic
uses; and 0.2 percent was for irrigation. Pumpage is concentrated in five major pump-
ing centers: the Alton, Wood River, Granite City, National City, and Monsanto areas.

As the result of heavy pumping, water levels declined about 50 feet in the Mon-
santo area, 40 feet in the Wood River area, 20 feet in the Alton area, 15 feet in the
National City area, and 10 feet in the Granite City area from 1900 to 1962. From 1957
to 1961 water levels in the Granite City area recovered about 50 feet where pumpage
decreased from 31.6 to 8.0 mgd. Pumping of wells and draining of lowlands have
considerably reduced ground-water discharge to the Mississippi River, but have not
reversed at all places the natural slope of the water table toward that stream. In the
vicinity of some pumping centers, the water table has been lowered below the river
and other streams, and induced infiltration of surface water is occurring.

Recharge directly from precipitation based on flow-net analysis of piezometric maps
varies from 299,000 to 475,000 gallons per day per square mile (gpd/sq ml). Subsurface
flow of water from bluffs bordering the area into the aquifer averages about 329,000
gallons per day per mile (gpd/mi) of bluff. Infiltration rates of the Mississippi River
bed according to the results of aquifer tests range from 344,000 to 37,500 gallons per
day per acre per foot (gpd/acre/ft). Approximately 50 percent of the total pumpage
in 1962 was derived from induced infiltration of surface water.

An electric analog computer consisting of an analog model and excitation-response
apparatus was constructed for the East St. Louis area so that the consequences of
further development of the aquifer could be forecast. The accuracy and reliability
of the analog computer were established by comparing actual water-level data with
piezometric surface maps prepared with the analog computer.

The analog computer was used to estimate the practical sustained yields of ex-
isting pumping centers. Assuming that critical water levels will occur when pumping
water levels are below tops of screens and/or more than one-half of the aquifer is
dewatered, the practical sustained yields of all existing pumping centers exceed present
withdrawals. Pumpage in the Monsanto area probably will exceed the practical sus-
tained yield by 1966; the practical sustained yield of other pumping centers probably
will not be reached until after 1980. The analog computer was also used to describe
the effects of a selected scheme of development and to determine the potential yield
of the aquifer under an assumed pumping condition.



I N T R O D U C T I O N
The East St. Louis area has been one of the most

favorable ground-water areas in Illinois. It is underlain
at depths of 170 feet or less by sand and gravel aquifers
that have been prolific sources of water for more than 50
years. The available ground-water resources have pro-
moted industrial expansion of the area and also facilitated
urban growth.

The tremendous industrial growth in the East St.
Louis area has brought about local problems of water
supply. Heavy concentrated pumpage in the Granite City
area caused water levels to decline to critical stages
during an extended dry period (1952-1956). As a result,
an industry was forced to abandon its well field and
construct a pipe line to the Mississippi River for its
water supply.

This report presents a quantitative evaluation of the
ground-water resources of the East St. Louis area and
is based on all data on file at the State Water Survey and
in other published reports. The geohydrologic character-
istics of the ground-water reservoir are given along with
an analysis of past, present, and probable future develop-
ment of ground-water resources. Basic geologic, hydrolo-
gic, and chemical data, maps, and interpretations appli-
cable to local problems and to regional and long-range
interpretations are presented to provide a basis for
water-resource planning and a guide to the development
and conservation of ground water in the area.

Although this report summarizes present-day know-
ledge of ground-water conditions in the East St. Louis
area, it must be considered a preliminary report in the
sense that it is part of a continuing study of the East St.
Louis ground-water resources. The conclusions and in-
terpretations in this report may be modified and expand-
ed from time to time as more data are obtained.

The State Water Survey accelerated its program of
ground-water investigation in the East St. Louis area in
1941 after alarming water-level recessions were observed
by local industries especially at Granite City. Water-
level data for the period 1941 through 1951 were sum-
marized and the ground-water withdrawals in 1951 were
discussed by Bruin and Smith (1953). The ground-water
geology of the area has been described by the State Geo-
logical Survey (Bergstrom and Walker, 1956). Ground-
water levels and pumpage in the area during the period
1890 through 1961 were discussed by Schicht and Jones
(1962). Other reports pertaining to the ground-water re-
sources of the East St. Louis area are listed in the refer-,
ences at the end of this report.

Well-Numbering System
The well-numbering system used in this report is

based on the location of the well, and uses the township,
range, and section for identification. The well number

consists of five parts: county abbreviation, township,
range, section, and coordinate within the section. Sec-
tions are divided into rows of y8-mile squares. Each %-
mile square contains 10 acres and corresponds to a quar-
ter of a quarter of a quarter section. A normal section
of 1 square mile contains 8 rows of y8-mile squares; an
odd-sized section contains more or fewer rows. Rows are
numbered from east to west and lettered from south to
north as shown in the diagram.

St. Clair County
T2N, R10W
Section 23

8 7 6 5

The number of the well shown is: STC 2N10W-23.4C.
Where there is more than one well in a 10-acre square
they are identified by arable numbers after the lower case
letter in the well number.

There are parts of the East St Louis area where sec-
tion lines have not been surveyed. For convenience in
locating observation wells, normal section lines were as-
sumed to exist in areas not surveyed.

The abbreviations for counties discussed in this re-
port are:

Madison MAD Monroe MON St. Clair STC
In the listing of wells owned by municipalities, the

place-name is followed by V, T, or C in parentheses to
indicate whether it is a village, town, or city, except
where the word City is part of the place-name.
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G E O G R A P H Y
The East St. Louis area, known locally as the "Ameri-

can Bottom," is in southwestern Illinois and includes por-
tions of Madison, St Clair, and Monroe Counties. It en-
compasses the major cities of East St Louis, Granite
City, and Wood River, and extends along the valley low-
lands of the Mississippi River from Alton south beyond
Cahokia as shown in figure 1. The area covers about 175
square miles and is approximately 30 miles long and 11
miles wide at the widest point Included is an area south
of Prairie Du Pont Floodway containing Dupo and East
Carondelet.

Topography and Drainage

Most of the East St. Louis area lies in the Till Plains
Section of the Central Lowland Physiographic Province
(Fenneman, 1914; and Leighton, Ekblaw, and Horberg,
\948). The extreme southwestern part of St. Clair County

, and the western part of Monroe County He in the Saljem
Plateau Section.

Much of the area lies in the flood plain of the Missis-
sippi River; the topography consists mostly of nearly
level bottomland. Along the river channel the flood plain
slopes from an average elevation of 415 feet near Alton
to 405 feet near Dupo. In the northern part of the area,
terraces stand above the flood plain. A terrace that ex-
tends from East Alton to Roxana is at an elevation of
440 to 450 feet or about 25 to 35 feet above the flood
plain. North of Horseshoe Lake much of the area is
above the flood plain at elevations ranging from 420 to
435 feet.

The elevation of the land surface near the eastern
bluff is 30 to 50 feet higher than the general elevation
of the valley bottom. The bluff, along the eastern edge of
the valley bottom, rises abruptly 150 to 200 feet above
the lowland. The topography immediately east of the
bluff consists of rather rugged uplands.

Monks Mound, which rises 85 feet above the flood
plain, is the largest of a group of mounds just east of
Fairmont City. The shape of the mounds indicates an
artificial origin; however, some of them may be remnants
of an earlier higher flood plain (Bergstrom and Walker,
1956).

Drainage is normally toward the Mississippi River
and its tributaries; Wood River, Cahokia Diversion Chan-
nel, Cahokia Canal, and Prairie Du Pont Floodway. The

tributaries drain much of the flood plain and the uplands
bordering the flood plain. The valley bottom is protected
from flooding by a system of levees that fronts the Mis-
sissippi River and the Chain of Rocks Canal and flanks
the main tributaries. However, flooding does occur in
parts of the area because drainage facilities which con-
vey and store major flood runoff from the flood plain and
the upland watersheds are inadequate (Illinois Division
of Waterways, 1950). The southeastern part of the area
near Cahokia, Centreville, and Grand Marais State Park
is particularly affected by flooding. Figure 1 shows areas
flooded after heavy rainfall on May 5, 6, 7, 8, and 19,
1961.

Prior to settlement of the East St Louis area, flood-
waters from the Mississippi River and its tributary
streams, Wood River, Cahokia Creek, Canteen Creek,
Schoenberger Creek, and Prairie Du Pont Creek, fre-
quently inundated large sections of the valley bottom.
The water table was near the surface and poorly drained
areas were widespread. Development of the area led to
a system of drainage ditches, levees, canals, and chan-
nels. According to Bruin and Smith (1953) the natural
lake area between 1907 and 1950 was reduced by more
than 40 percent and 40 miles of improved drainage
ditches were constructed during the same period; this had
an effect of lowering ground-water levels by an estimated
2 to 12 feet.

The present drainage system is shown in figure 2,
Much of the flow from the upland areas east of the bluff
is diverted into four channels that traverse or flank the
valley bottom, thence flow to the Mississippi River. The
four channels are Wood River, Cahokia Diversion Chan-
nel, Prairie Du Pont Floodway, and Canal No. 1.

Wood River carries flow from the confluence of the
East and West Forks of Wood River north of East Alton
south-southwest to the Mississippi River. Much of the
channel of Wood River is leveed.

The Cahokia Diversion Channel intercepts flow from
Cahokia and Indian Creeks in sec 7, T4N, R8W, Madison
County, and diverts it westward to the Mississippi River.

Prairie Du Pont Floodway is a relocated and im-
proved channel of Prairie Du Pont Creek and conveys
runoff from Canal No. 1 and Prairie Du Pont Creek near
Stolle westward to the Mississippi River. In addition it
carries flow from the valley bottom drainage area north
of Prairie Du Pont Creek and from Harding Ditch.

Canal No. 1 intercepts flow from several small upland
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Figure 2. Dra inage «y»4»m and location! of
» tr »am-gaging itations

streams between Prairie Du Pont Floodway and the
southern edge of Centreville and discharges the flow into
the floodway.

The valley bottom is drained through Indian Creek,
several small ditches north of the Cahokia Diversion
Channel, Long Lake, Cahokia Canal, Lansdowne Ditch,
Harding Ditch, the Blue Waters-Goose Lake Ditch system,
and the Dead Creek-Cahokia drainage system. In addi-
tion, closed storm sewer systems drain much of the urban
areas within the valley bottom.

Long Lake drains much of the area to the north of
Horseshoe Lake. During periods of overflow it drains into
Horseshoe Lake through Elm Slough,

TheCahokia Canal consists of an improved and leveed
channel along the old course of Cahokia Creek. The canal

»-r-4 begins in sec 14, T4N, R9W, flows southeasterly to sec 31,
T4N, R8W, and then southwesterly around the southern
end of Horseshoe Lake, through National City and the
northwestern corner of East St. Louis to the Mississippi

River. Discharge to the Mississippi River is by gravity
flow during periods when the stage ol the Mississippi
River is low; when the river is at flood stage, water is
pumped from Cahokia Canal to the river at the North
Pumping Station. Runoff in excess of the storage capacity
of Cahokia Canal or of the pumping station is stored
temporarily in Indian and Horseshoe Lakes until it can
be discharged into the river. The principal tributaries to
the canal are Long Lake (by way of Horseshoe Lake),
Lansdown^ Ditch, Canteen Creek, and several small
streams to the east.

Harding Ditch begins at Caseyville and flows south-
westerly to Park Lake in Grand Marais State Park, which
acts as a regulating reservoir, thence to Prairie Du Pont
Floodway. Discharge to the Mississippi River is either
by gravity flow or pumps at the South Pumping Station.

The Dead Creek-Cahokia drainage system drains most
of the Monsanto and Cahokia areas. The outlet of the sys-
tem is to the Prairie Du Pont Floodway at the Cahokia
Pumping Station.

The Blue Waters-Goose Lake Ditch system drains the
area east of Cahokia, southwest of Centreville, and north-
west of Harding Ditch and Prairie Du Pont Floodway.
Goose Lake Ditch discharges into Blue Waters Ditch near
Harding Ditch. Blue Waters Ditch can discharge into
Prairie Du Pont Floodway or Harding Ditch when the
floodway is at low stage; when the stage of the floodway
is high, runoff is stored temporarily in Blue Waters Ditch
and adjacent low areas.

Numerous lakes were formed in the flood plain by
the meandering of the Mississippi River. Many of the
lakes have been drained and the original lake bottoms are
now being cultivated. Table 1 gives data on the more
important lakes now in existence.

Table I. Areas and Water-Surface Elevations of Lakes*

Lake
McDonough
Long
Horseshoe
Canteen
Park
Spring

Approximate
•urface ana
when full

75
85

2500
105
990

10

Approximate water•urface elevationwhen full
ill abovi mJ)

404
415
402
403
405.5
410

•From lUitoii Diuiliox o/ Walirwayi (1950)

The average gradient of the Mississippi River from
Alton to Dupo is about 6 inches per mile. The average
gradients of Wood River, Cahokia Diversion Channel,
Cahokia Canal, and Prairie Du Pont Fioodway are given
in table 2. The gradients of streams draining the uplands
east of the bluff are much greater, ranging from about
6 feet per mile for Cahokia Creek to about 30 feet per
mile for Schoenberger Creek.

The Chain of Rocks Canal was constructed to bypass
the reach of the Mississippi River known as Chain of.



Table 2. Average Gradients of Tributaries to
Mississippi River

Tributary
Wood River
Cahokia Diversion Channel
Cahokia Canal
Prairie Du Pont Floodway

Gradient(jl p>r mi)

5
2
1.7
1.6

Rocks Reach (figure 1), which was difficult to navigate
because the velocity of the river sometimes exceeded 12
feet per second. In addition, the navigable depth in Chain
of Rocks Reach was reduced to 5.5 feet when the stage
of the river was low. The canal, which was opened to
river traffic on February 7, 1953, is 300 feet wide at the
bottom and about 550 feet wide at the top, and has a
total length of 8.4 miles. In the vicinity of Granite City
the canal was widened, for a distance of 6750 feet, to
a bottom width of 700 feet. A depth of slightly less than
15 feet at minimum low water stage is provided at the
lower end of the canal downstream from Lock No. 27.
At the upstream entrance of the canal, a minimum depth
of 10.4 feet is provided.

The locations of stream gages in the East St. Louis
area are shown in figure 2. The U. S. Geological Survey
measures the discharge of the Mississippi River at Alton,
and at St. Louis. The discharges of Indian Creek near
Wanda and Canteen Creek near Caseyville are also meas-
ured by the U.S. Geological Survey, and the discharge of
Long Lake near Stallings was measured from December
1938 to December 1949. Extremes and average discharges
of streams are given in table 3.

During the 1952 to 1956 drought the average dis-
charge of Indian and Canteen Creeks was reduced con-
siderably. The average daily discharge was 6.23 cubic
feet per second (cfs) in Indian Creek at Wanda and 5.81
cfs in Canteen Creek near Caseyville. There was no flow
in these streams during many days in the summer and
fall months of the drought period.

The flow of the Mississippi River in the East St. Louis
area is affected by many reservoirs and navigation dams
in the upper Mississippi River Basin and by many reser-
voirs and diversions for irrigation in the Missouri River
Basin. Along the reach of the Mississippi River from Al-
ton to Dupo the flow of the river is affected by Lock and
Dam No. 26 at Alton, the Chain of Rocks Canal, and Lock
and Dam No. 27 at Granite City on the canal. There is a
low water dam on the Mississippi River south of the
northern end of Chain of Rocks Canal

Floodwaters from the Missouri River enter the Mis-
sissippi River above the gaging station at Alton when
levees along the Missouri River are overtopped. Overflow
from the Missouri River was estimated by the U. S. Geo-
logical Survey and is given in table 4.

Mississippi River stages in the East St. Louis area
are measured daily at Lock and Dam No. 26 at Alton; at
Hartford, Illinois; Chain of Rocks, Missouri; Lock No. 27
at Granite City, Illinois; Bissell Point, Missouri; St.
Louis, Missouri; and the" Engineer Depot, Missouri. The
elevation of the maximum river stage at Alton was esti-
mated to be 432.10 feet and occurred In June 1844; the
elevation of the minimum stage was 390.50 feet on Jan-
uary 27, 1954. The elevation of the maximum river stage

Table 3. Streamflow Records

Stream
Mississippi River 171,500

Mississippi River 701,000

Indian Creek

Long Lake

Canteen Creek

37

23

Locationof
gagingnation

At Alton,
mile 202.7
upstream from
Ohio River
At St Louis
mile 180.0
upstream from
Ohio River

Maxim tundischarge
and date ofoccurrence
437,000

May 24, 1943

1,300,000«
June 1844

At Wanda, 9,340
SE % NW % August 15, 1946
sec 31, T5N, R8W
At Stallings, 121
NW ^4 NW % August 18, 1946
sec, 12, T3N, R9W
At Caseyville, 10,200
N % NW % June 15, 1957
sec 8, T2N, R8W

Minimum
datcharge(cjt)

and date ofoccurreacg

7,960
November 7, 1948

18,000
December 21-23, 1863

Ot

Ot

Ot

AverageAverag* dischargedi.cWge Uf,)
jth 1952-19S6of record drought

93,130
33 years

174,700
99 years

24.8 6.23
21 years

2.31
12 yeans

17.5
22 yean

5.81

•Ejtimattd
t£«ro flow occutni <nrin/ lictral pinoJis in droufkl ytan



at St. Louis was 421.26 feet and occurred on June 27,
1844; the elevation of the minimum stage was 373.33 feet
>n January 16, 1940.

Table 4. Overflow from Missouri River
Maximum

Period
Overflow for period Date ofoccurrence

May 21-June 4,1943 1,075,000
April 29-May 13, 1944 891,000
June 29-July 19, 1947 687,000
July 5-31, 1951 2,534,000

May 24, 1943 90,000
April 30, 1944 90,000
July 2, 1947 65,000
July 20, 1951 110,000

Climate
The East St. Louis area lies in the north temperate

zone. Its climate is characterized by warm summers and
moderately cold winters.

According to the Atlas of Illinois Resources, Section
1 (1958), the average annual precipitation in the East St
Louis area is about 38 inches. Precipitation has been

measured at SL Louis since 1837. Graphs of annual and
mean monthly precipitation collected by the U. S. Wea-
ther Bureau at Lambert Field near St. Louis (1905 to
1962) and at Edwardsville (1930 to 1962) are given in
figures 3 and 4, respectively. According to the records at
Edwardsville, the months of greatest precipitation (ex-
ceeding 3.5 inches) are March through August; December
is the month of least precipitation having 2.07 inches.

In addition to precipitation records available lor Ed-
wardsville, St Louis, and Lambert Field, records for dif-
ferent periods are available for the gaging stations given
in table 5 within and near the East St Louis area.

The annual maximum precipitation amounts occurring
on an average of once in 5 and once in 50 years are 45
and 57 inches, respectively; annual minimum amounts
expected for the same intervals are 31 and 25 inches,
respectively. Amounts are based on data given in the
Atlas of Illinois Resources, Section 1 (1958).

The mean annual snowfall is about 17 inches. On the
average, about 16 days a year have 1 inch or more, and

60
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Figure 3. Annua l and mt»n monthly prec ip i tat ion
at Lambert Field
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Figure 4. Annua l and mean monthly precipitation

at Edwardsrille



about 8 days a year have 3 inches or more, of ground
snow cover.

Based on records collected at Lambert Field, the mean
annual temperature is 56.4 F. June, July, and August are
the hottest months with mean temperatures of 75.2, 79.6,
and 77.8 F, respectively. January is the coldest month
with a mean temperature of 32.1 F. The mean length of
the growing season is 198 days.

A large part of central and southern Illinois, including
the East St. Louis area, experienced & severe drought
beginning in the latter part of 1952 (Hudson and Roberts,
1955). For the period 1953 through 1956, cumulative de-
ficiency of precipitation at Edwardsville and Lambert
Field was about 22 and 34 inches, respectively.

An intense rainstorm, exceeding 16 inches in 12 hours
at places, occurred June 14 and 15, 1957. The storm is
discussed in detail by Huff et al. (1958). A Heavy rain-
storm also occurred August 14-15, 1946, when over 11
inches were recorded at East St. Louis.

Table 5. Precipitation Gaging Stations
Ounur

Shell Oil Co.
East St. Louis and
Interurban Water Co.

East Side Levee and
Sanitary Dist

East Side Levee and
Sanitary Dist

East Side Levee and
Sanitary Dist

East Side Levee and
Sanitary Dist.

Standard Oil Co.
Illinois State Water Survey
American Smelting and
Refining Co.

Olin Mathieson Chemical Co.
U. S. Weather Bureau
U. S. Weather Bureau
U. S. Weather Bureau
U. S. Weather Bureau

Location of /m«
Wood River
Chouteau Island
Centreville
Collinsville
Edgemont
Mills tadt
Wood River
Lakeside Airport
Alton
East Alton
CollinsviUe
Belleville, Scott

Air Force Base
Alton Dam 26
East St Louis,

Parks College

G E O L O G Y A N D H Y D R O L O G Y

Large supplies of ground water chiefly for industrial
development are withdrawn from permeable sand and
gravel in unconsolidated valley fill in the East St Louis
area. The valley fill is composed of recent alluvium and
glacial valley-train material and is underlain by Missis-
sippian and Pennsylvanian rocks consisting of limestone
and dolomite with subordinate amounts of sandstone and
shale. The valley fill has an average thickness of 120 feet
and ranges in thickness from a feather edge, near the
bluff boundaries of the area and along the Chain of
Rocks Reach of the Mississippi River, to more than 170
feet near the city of Wood River. The thickness of the
valley fill exceeds 120 feet (figure 5) in places near the
center of a buried bedrock valley that bisects the area as
shown in figure 6.

According to Bergstrom and Walker (1956) recent
alluvium makes up the major portion of the valley fill
in most of the area. The alluvium is composed largely of
fine-grained materials; the grain size increases from the
surface down. Recent alluvium rests on older deposits
including valley-train materials in many places. The val-
ley-train materials are predominantly medium-to-coarse
sand and gravel, and increase in grain size with depth.
The coarsest deposits most favorable for development
are commonly encountered near bedrock and often aver-
age 30 to 40 feet in thickness. Logs of wells in cross
section A—A' in figure 7 and in table 6 show that the
valley fill commonly grades from clay to silt to sand and
gravel interbedded with layers of silt and clay with in-
creasing depth.

The valley fill is immediately underlain by bedrock
formations of Mississippian age In the western part of
the area and bedrock formations of Pennsylvanian age
in the eastern part of the area. Because of the low per-
meability of the bedrock formations and poor water
quality with depth, the rocks do not constitute an im-
portant aquifer in the area.

Soils
The soils of the East St Louis area were divided Into

three groups by the University of Illinois Agricultural
Experiment Station as follows: bottomland soils, silty
terrace soils, and sandy terrace soils. The bottomland
soils in St. Clair County were divided into seven soil types
by Smith and Smith (1938) as follows: Beaucoup clay
loam, Drury fine sandy loam, River sand, Newart silt
loam, Gorham clay loam, Dupo silt loam, and Riley fine
sandy loam.

Drury fine sandy loam extends in a very narrow strip
along the Mississippi River. It is a grayish-yellow to yel-
low, light brown, medium-to-coarse sand with variable
thickness, usually 7 feet. The subsurface and subsoil are
not well developed. Surface drainage is slow to rapid and
permeability is rapid.

Beaucoup clay loam, Newart silt loam, Gorham clay
loam, and Dupo silt loam cover much of the area. They
are generally dark gray to grayish brown clay loams to
silty clay loams 6 to 15 Inches thick. The subsurface var-

8
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Figure 5. Thickness of the val ley fill Figure 6. Bedrock topography
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Table 6. Logs of Selected Wells*
lUinoi, Statt Ceolofcal Survey lul holi 3 (1954)—Ro*ana Watir Wnki, SE
>/« A£ >/« S£',i S£>/« «c 27, 75JV, R9W , MaJiio* Co. Scmplti ituJuJ hi
fl. £. Bcriitrom. Eit. eln. 445 feet.

Illinois Geolofical Survey lest holt 2 (1954)— Lutton /arm: 4300 tut 5 of SO"
32'30~ #, 5200 feet £ o/ 90° JJ' H', Cakokia QiuulrW, il. Cimr Co.
Studied by R. E. Bertram. Est. elm. 405 Int.

Thick ne»
(ft)

Pleistocene Series
Wisconsin or older Pleistocene

Clay and silt, yellowish brown,
noncalcareous 10

Silt and clay, with fine sand, yellow-
ish brown, lumps of pink clay,
slightly calcareous 5

Sand, fine, dirty, dark reddish
brown, calcareous, pink-stained
quartz grains 15

No samples 5
Sand, medium, light reddish brown,
calcareous, subrounded grains,
rhyolite porphyry, feldspar,
gray-wacke, milky chert 15

Sand, medium to coarse, as above 20
Sand, fine to very coarse, light brown,
dirty, gray silt, coal, mica 20

Sand, medium to coarse, light red-
dish brown, subrounded to sub-
angular grains, abundant feldspar,
reddish siltstone and rhyolite
porphyry 15

Sand, coarse to medium, as above 10
Sand, very coarse, as above 5
Sand, very coarse, with granule
gravel, subangular to angular
grains, chert, reddish siltstone,
granite, gray-wacke 5

Pennsylvanian System
Shale, gray and brown 9.5

Depth(It)

10

15

30
35

50
70

90

105
115
120

127

136.5

Sinclair Oil Confen? wtli 2 (1952)—150 /,el A, 1750 /««/ E of SW toner uc
34. 75A1, R9W, Madisox Co. Samflei ituditd ky R. E. Bertltrom. Eft. elfv.
431 fitt.

Thicknen Depth
(It) (ft)

Pleistocene Series
Recent alluvium

No samples 35 35
Sand, very fine, well sorted, olive
gray, mollusk shell fragments,
abundant mica, coal, wood 35 70

Silt and clay, with fine sand and
small gravel, pebbles to \ inch,
mollusk shell fragments, calcareous 5 75

Wisconsin or older Pleistocene
Sand, medium to coarse, yellowish

brown, dry sample has pinkish
cast, grains subrounded to rounded,
slightly calcareous 40 115

Sand and pebble gravel, pebbles to
1.5 inches in diameter, abundant
chert, limestone, gray-wacke,
rhyolite 7.5 122.5

Thickneu(It)
Pleistocene Series

Recent and older alluvium
Silt and clay, dark brownish gray 5
Silt and clay, with fine sand, dark
brownish gray, calcareous, mica 10

Sand, fine to medium, dirty, dark
olive gray, mica, wood fragments,
coal, tiny calcareous spicules,
shell fragments 30

Sand, coarse to very coarse, with
granule gravel, abundant feldspar,
granite, gray-wacke, chert, and
dolomite granules 30

Gravel, granule size, with coarse to
very coarse sand, quartz, granite,
chert, dolomite granules (driller
reports boulders) 20

Gravel, granule size with broken
limestone rock, chert (pebble count
of 50 pebbles — 15 gray-wacke and
fine-grained basic igneous rock; 12
chert, brown, reddish, and cream-
colored; 11 quartz; 3 feldspar; 4
limestone; 4 granite; 1 dolomite) ;
broken rock consists of sharp
angular limestone, granite, rhyolite
porphyry, and chert 10

Broken rock (limestone rubble above
solid bedrock ?) and granule gravel 7.5

Depth(10

5

15

45

75

95

105

112.5

Union Starch t*d R,fai*i Company (1952)—950 fa! S el 3S°42'30" N,
2350 l..t E of 90° 10" W, T3N, R10W, Maduen C». /Hi.ou Ctdoiitat Sur-
vty tampll ul 13406. Studied kj R. E. B»r/j/rom. Est. tlta. «2 /««(.

Thicknea Depth
(10 (ft)

Pleistocene Series
Recent and older alluvium

Soil, clay, and silt, dark gray 10 10
Sand, fine to coarse, subangular

grains, abundant feldspar, tiny cal-
careous spicules, coal 30 40

Sand, medium, with granule gravel,
as above, mollusk shell fragments 10 50

Sand, fine, with granule gravel,
poor sorting, calcareous spicules,
abundant dark grains of igneous
rocks, ferromagnesium minerals,
coal 10 60

Gravel, granule size, with coarse
sand, granules mainly igneous
rocks and feldspar 10 70

No samples 10 80
Sand, medium to fine, calcareous
spicules, subangular grains, coal 10 90

No samples 5 95



Table 6 (Continued)

Sand, very coarse to coarse, with
* granule gravel, pinkish cast,

abundant pink-stained quartz
grains, subangular to subroundod
grains

Sand, medium, well sorted, pink,
subrounded to subangular grains,
abundant pink feldspar

9Frnm HtTgslrom and Walker (1956)

Thickness
( I t )

15

Depth

110

1 15

ies from silty loam to clay and is generally 2 to 3 feet
thick. The subsoil is not well developed. The permeability
and surface drainage is generally slow; the permeability
of Newart silt loam is moderate.

Riley fine sandy loam covers much of the area near
Monsanto, Cahokia, and Centreville. It is a light brown,
fine sandy loam 8 to 10 inches thick. The subsurface is
a loamy fine sand 8 to 12 inches thick, and the subsoil
is a fine sandy loam with occasional clay lenses. Surface
drainage is moderate to rapid and permeability is mod-
erately rapid.

Drury fine sandy loam is a brownish yellow to yellow-
ish silt loam to very fine sandy loam and is variable in
thickness. It extends along the bluff in strips varying in
width from a few feet to several miles. The subsurface

a silt loam to sandy loam about 3 feet thick. The sub-
;oil is not well developed. Surface drainage is rapid and
permeability is moderately rapid.

The soils in the East St. Louis area in Madison County
have not been divided into soil types. According to Mc-
Kenzie and Fehrenbacher (1961) bottomland soils pre-
dominate; however, silty terrace soils extend in a narrow
strip along the bluffs just south of Cahokia Creek to the
Madison-St. Clair County line, and in an area that ex-
tends from just south of Wood River southeast through
Roxana and terminates a few miles southeast of Roxana.
Sandy terrace soils extend in a strip a few miles wide
from East Alton to Wood River and in a narrow strip
southeast of Poag to about 3 miles northwest of Glen Car-
bon; sandy terrace soils also occur in an area southeast of
Roxana.

The bottomland soils in Madison County exhibit a
wide range of characteristics similar to those of the soil
types in St. Clair County. The silty terrace and sandy
terrace soils have moderately good to good drainage and
moderately rapid to rapid permeability.

Occurrence of Ground Water
Ground water in the valley fill occurs under leaky ar-

^esian and water-table conditions. Leaky artesian con-
ditions exist at places where fine-grained alluvium, con-
sisting of silt and clay with some fine sand that impedes
or retards the vertical movement of water, overlies

coarser alluvium and valley-train deposits; water in these
deposits is under artesian pressure. Under leaky artesian
conditions, water levels in wells rise above the top of the
valley-train and coarse alluvium deposits to stages within
the finer grained alluvium. Water-table conditions pre-
vail at many places where alluvium is missing and the
upper surface of the zone of saturation is in valley-train
deposits or the coarser alluvium, and at places within
deep cones of depression created by heavy pumping where
water levels in wells rise to stages within the valley-train
deposits or the coarser alluvium and water is unconfined.

As shown in figure 8, leaky artesian conditions pre-
vail in most of the area. Water-table conditions prevail in
a wide belt from East Alton through Poag where alluvium
is missing and heavy pumping in the vicinity of Wood
River has lowered water levels below the base of the finer
grained alluvium. Water-table conditions also prevail in:
1) the Monsanto and National City areas where heavy
pumping has lowered water levels to stages within the
valley-train deposits and coarser alluvium; 2) an area

H 10 W R * « " 6W

F i g u r e 8 . L o c a t i o n c f a r e a s where w a t e r - t a b l e cond i t i on s p r e v a i l
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through Dupo and along the northern reach of the Chain
of Rocks Canal where the finer grained alluvium is thin
and water levels are in the coarser deposits; and 3) lo-
cally in the vicinity of well fields in the Granite City area
and other areas where the saturated thickness of the
finer grained alluvium is not great. The saturated thick-
ness of the finer grained alluvium is greatest west of

Poag near the center of T4N R9W, along the Mississippi
River near Venice, and in an area 4 miles northwest of
Collinsville.

Because water occurs most commonly under leaky ar-
tesian conditions, the surface to which water rises, as
defined by water levels in wells, is hereafter called the
piezometric surface.

H Y D R A U L I C P R O P E R T I E S

The principal hydraulic properties of the valley fill
and alluvium influencing water-level declines and the
yields of wells in the East St. Louis area are the coef-
ficients of transmissibility, or permeability, and storage.
The capacity of a formation to transmit ground water is
expressed by the coefficient of transmissibility, T, which
is denned as the rate of flow of water in gallons per day,
through a vertical strip of the aquifer 1 foot wide and
extending the full saturated thickness under a hydraulic
gradient of 100 percent (1 foot per foot) at the prevailing
temperature of the water. The coefficient of transmissibil-
ity is the product of the saturated thickness of the aqui-
fer, m, and the coefficient of permeability, P, which is
denned as the rate of flow of water in gallons per day,
through a cross-sectional area of 1 square foot of the
aquifer under a hydraulic gradient of 100 percent at the
prevailing temperature of the water. The storage prop-
erties of an aquifer are expressed by the coefficient of
storage, S, which is denned as the volume of water re-
leased from storage per unit surface area of the aquifer
per unit change in the water level.

Aquifer Tests

The hydraulic properties of the valley fill and alluvi-
um may be determined by means of aquifer tests, where-
in the effect of pumping a well at a known constant rate
is measured in the pumped well and at observation wells
penetrating the aquifer. Graphs of drawdown versus time
after pumping started, and/or drawdown versus distance
from the pumped well, are used to solve equations which
express the relation between the coefficients of transmis-
sibility and storage and the lowering of water levels in
the vicinity of a pumped well.

The data collected during aquifer tests can be ana-
lyzed by means of the nonequilibrium formula (Theis,
1935). Further, Walton (1962) describes a method for
applying the Theis formula to aquifer test data collected
under water-table conditions, and gives equations for
compensating observed values of drawdown for decreases
in the saturated thickness of an aquifer.

Six controlled aquifer tests were made during the
period 1952 to 1962. The results of the tests are summar-
ized in table 7.

Own

Olin Mathieson
Chemical Corp.

City of Wood River

Shell Oil Co.

Southwestern
Campus of IU,
Edwardsville

Mobil Oil Co.

Monsanto Chemical
Corp.

Table 7. Results of Aquifer Tests

Location of
test site

Date
of
test

Coeffi-Coeffieicnt dent of
Duration Pumping of trans- Saturated perme- Coeffi- Method
of test rate missibility thickness ability cient of of
(Jayi)

Madison County, May 29-
T5N, R9W, sec 19 Jun 1, 1956 3
Madison County,
T5N, R9W, sec 28 Nov 20-21, 1962 1
Madison County,
T5N, R9W, sec 33 Mar 3-6, 1952 3
Madison County,
T4N, R8W, sec 20

Dec 13-17, I960 4
St. Clair County,
T2N, R10W, sec 25 Oct 25-26, 1961 1
St. Clair County,
T2N, R10W, sec 27 Aug 4-8 , 1952 4

(It) (ipd/iq t<) storage analysis'

760 95,600 90

491 134,000 60

510 210.00C 100

308 131,000 84

630 212,000 73

1100 210,000 75

1060 0.135 D-D

2240 0.155 D-D

2100 0.002 D-D

1560 0.020 T-D

2900 0.100 T-D

2800 0.082 T-D
*D~D, Jistanft-drait'down; T-D, time-drawdown



An aquifer test was made October 25 and 26, 1961,
. at the Mobil Oil Company Refinery near Monsanto by the
JStote Water Survey in cooperalion with the company.
The test site was located in an area about 2600 feet north
and 3500 feet west of the intersection of T2N, R10W and
TIN. R9W. The effects of pumping well 19 were measured
in test well 8, well 6, and well 20. The locations of wells
used in the test ( test 1) and test wells for which drillers
logs are avai lable are shown in figure 9. Pumping was

WEIL
N' lO

(PUMPED W E L L !

T E S T
WELL

T E S T
W E L L

W E L L
N- JO

F i g u r e 1 . Lo c a t i o n of we l l s u s e d in a q u i f e r T«»t I

started at 9 a.m. October 25 and continued for 24 hours
at a constant rate of 630 gpm. Pumping was stopped at
9 a.m. October 26 and water levels were allowed to re-
cover for 1 hour, after which a step-drawdown test was
conducted. Water levels were measured continuously with
a recording gage in well 6, and periodically with a steel
tape in well 20 and test well 8.

Well 19 is 16 inches in d iameter , was drilled to a
depth of 114 feet, and is equipped wiih 35 feet of No.
50 cont inuous slot Johnson Evordur screen between the
depths of 79 and 114 feet. The well is an artificial pack
well with a pack thickness of about 9 inches. Well 6 is
16 inches in d iameter , 115 feet deep, and is screened at
the bottom wi ih 30 feet of 16- inch diameter Johnson
Everdur screen wiih varying cont inuous slot sizes of 40.
50, 70. and 90. The thickness of the pack is not known.
Well 20 is 24 inches in d iameter and is 107 feet deep;
there is 35 feet of 24-inch diameter Johnson Everdur
screen r.t the bottom. The lower 17 .5 feet of the screen
is No. 100 slot r.nt i the upper 17 . 5 fret is No. 60 slot.
The pack thickness is 9 inches. Tc^f \vol l 8 is 8 inches in

"d iameter and 105 feet deep. The screen and cas ing are
cons tructed <if v/nod. The MTeen is 53 feet long with
,-•'',. by 3-inch sluiv Tin' th i ckness nf ihe pack is 5 inches.
The lof"- nf \vr > l lv ; ' ! ' < • c iv°n in t eMo R.

A time-drawdown field data graph (figure 10) for
well 6 was superposed on the nonequilibrium type curve
devised by Theis and described by Jacob (1940). The
Theis ( 1935) nonequilibrium equations were Used to de-
termine coefficients of transmissibil ity and storage of
the aquifer for data on the first and third segments of
the time-drawdown graph. The coefficient of storage
computed from the first segment of the time-drawdown
curve is in the artes ian range and cannot be used to pre-
dict long-term declines of the water table. The coeffi-
cient of storage (0.10) computed from the third segment
is in the water-table range. The coefficient of transmis-
sibility computed from the third segment is 212,000
gpd/ft.

An aquifer test (test 2) was made December 13-17,
1960, by Warren and Van Praag, Inc., Layne-Western
Company, and the State Water Survey in cooperation
with the Southwestern Campus of Southern Illinois Uni-
versity near Edwardsvillc. The test site is located west
of Edwardsville in section 20, T4N, R8W. Three wells
as shown in figure 11 were used. Pumping was started
at 1 : 45 p.m. December 13. and was continued at a con-
stant rate of 308 gpm until 12 :30 p.m. December 17.
Pumping was then stopped and water levels were allowed
to recover for 1 hour. At 1 :30 p.m. pumping was resumed
at successive rates of 200, 300, 400, and 500 gpm, each
maintained for 30 minutes. Water levels were measured
periodically in the observation wells and pumped well
during the test.

Observation well 1 was 2 inches in diameter and 94
feet deep, and the bottom 5 feet of pipe was slotted. Ob-
servation well 2 wns 2 inches in diameter, 89 feet deep.
and the bottom 6 font of pipe was slotted. The pumped
well was 10 inches in diameter and was drilled to a depth
of 95 feet; 20 feet of screen was installed at the bottom.
The well was an artif ic ial pack well with a pack thickness
of 35 inches. Logs of wells are given in table 9.

A time-drawdown field data graph (figure 12) for
observation well 2 was superposed on the nonequilibrium
type curve. The Theis ( 1935) equations were used to de-
termine coefficients of transmiss ib i l i ty and storage of the
aquifer for data on the third segment of the time-draw-
down curve. The coefficient of transmissibility was com-
puted to be 131 .000 gpd/ft . The coefficient of storage
(0 .020) is in the wntpr- inbk 1 range.

An aquifer test ( lest 3) was made November 20 and
21, 1962. by Warren and Van Praag, Inc.. Laync-Western
Company, and the Stale Water Survey in cooperation
with the city of Wood River . The test site wns located in
^PC. 28, T5N. nnd R9W. Six wells as shown in figure 13
were used. Pumping was s 'nrted at 9 : 4 5 a.m. November
20 and was cent i ruec l ni a constant rate of 491 gpm until
8 : 1 5 n .m . November 21. Pumpii-:: : vo.c then stopped and
water levels wore : • • ! • < ' v e - < !o recover for 50 minutes. At
9 : 10 a.m. pumpi^r: • . • • • > n^urn-^i and : i step-drawdown
tes t wns cor idu i" ; c".} TV- i-or c l i ng gnges were insta l led in



Table 8. Drillers Logs of Wells Used in Aquifer Test I
Formation

Test Well 8
Clay fill
Fine sand
Fine to medium gray sand
Medium to coarse sand
Fine sand
Medium to coarse sand
Medium sand
Medium to coarse sand
Very coarse sand
Coarse to medium sand with cobbles
Coarse to medium sand
Medium to fine sand with gravel
Medium sand with gravel
Fine sand with gravel at 103.5 feet
Fine to coarse sand with gravel and
cobbles

Coarse sand to heavy gravel with
cobbles

(unable to drill beyond 106.9 feet
because of heavy cobbles)

Formation

Test Well 9
Fill, clay, gravel
Silt and sandy silt
Medium gray sand
Fine sand, gray
Medium sand, gray
Coarse sand, gray, trace of clay
Very coarse sand with gravel
Medium coarse sand with gravel
Coarse gravel sand with gravel
Very coarse sand with gravel
Coarse sand and very coarse sand
Coarse to medium sand
Fine to medium sand with cobbles
Fine sand
Fine to medium sand
Medium coarse sand with gravel
Very coarse sand with gravel and
lignite, cobbles at 88 feet

Coarse to medium sand
Very fine sand
Fine sand with gravel, cobbles at

102 feet
Coarse sand with gravel
Coarse sand with gravel and cobbles

Formation

Gravel fill, gumbo
Dark silt
Fine gray sand
Dark fine silt
Medium fine sand
Fine sand

Test Well 10

From To Formation
(ID

0
7

24
37
41
55
64
65
73
80
84
85
90
95

103.5
104

From

From

o
10
32
33
36
43

(It)

1
24
37
41
55
64
65
73
80
84
85
90
95

103.5

104
106.9

To

0
5

33
40
45
50
52
56
58
62
63
72
79
79.5
80
82

83
89.5
98

100
102.5
104

5
33
40
45
50
52
56
58
62
63
72
79
79.5
80
82
83

89.5
98

100
102.5
104
113

From

10
32
33
36
43
47

(It)
Test Well 10 (Continued)

Dark gray silty sand 47
Fine sand 55
Medium fine sand 57
Very coarse sand with pea gravel

and lignite 74
Very coarse sand with cobbles 74.5
Very coarse sand 80
Medium coarse sand with cobbles

from 89 to 91 feet 87
Fine sand 90
Very fine sand 95
Very fine sand with cobbles at 100.5 feet 99
Coarse sand with cobbles 100
Coarse sand with cobbles 102
Coarse sand 103
Coarse sand with gravel 104

Formation

Test Well 11
Mixture of clay, fill, silt, fly ash
Fine gray silt
Very fine gray sand
Fine gray sand
Fine to medium gray sand
Medium gray sand
Medium to fine gray sand
Medium to coarse sand
Fine to medium sand
Medium to fine sand
Medium sand
Coarse sand
Very coarse sand with cobbles
Medium to coarse sand with cobbles
Fine to medium sand
Medium to coarse sand with
%-inch gravel

Very coarse sand and gravel with
boulders

Formation

Well 20
Silty sandy gray clay
Medium gray sand
Fine gray sand
Coarse gray sand
Fine to medium gray sand
Very fine sand
Very coarse sand with 2-inch gravel
Medium sand with gravel
Medium to coarse sand with gravel
Very coarse sand with pea gravel
Medium to coarse sand with gravel
Coarse sand
Very coarse sand with pea gravel
Medium to coarse sand
Very coarse sand with 2-inch gravel

From
(ft)

95.5

100

Front (it)

To

55
57
74
74.5
80
87
90
95
99

100
102
103
104
114

To

0
10
15
20
25
40
45
52
55
61
73
76
80
87
95

10
15
20
25
40
45
52
55
61
73
76
80
87
95
95.5

100

115

To

0
15
20
25
30
35
53
55
57.5
60
65
75
80
83.5
85

15
20
25
30
35
53
55
57.5
60
65
75
80
83.5
85

107



relief wells 137 and 139. Water levels were measured
periodically with a steel tape in the pumped well , lesi
Mole 5, test hole 4, and relief well 140.

The pumped well was 10 inches in d iameter 1 and was

drilled to a depth of 81 foet; 20 feet of 8-inch slotted
pipe was instal led at the bot tom. The well is an artificial
pack well with a pack thickness of 4 inches. Test holes
-1 and 5 were 2 inches in diameter and 70 and 66.5 feet in
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Table 9. Dril lers Logs of Wells Used in Aquifer Test 2
Kormal^ou

Test Well i Pumped Well)
Sandy clay
Fine brown sand
Coarse gray sand
Fine-to-med ium bruun sand
Medium gray sand
Fine brown sand

Ubsorva l i u n Wel l 1
Brown clay
Fine brown sand, clay streaks
Medium i;ray sand, loose
Coarse ^ray sand , some y rax r l , luosr
Fine sand
Light gray sha le
Limestone

( M j s . ' i \ al inn Wel l '1
Brown clay
Fine red sand. c la\ > t r e a k -
Medium i'ra\ sa.'. 'd. l . n l r ' j i a - . c ! . \\-\\

c lay ba l l s
l-'ine sand

Fro 1 o

0
14
50
75
90
95

0
14
50
75
90

100

I)
1-4

G5
W

14
50
75
90
95
9«

14
50
75
90

100
130
130

14
6J

90
100
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Figure 12. Time-drawdown data for observat ion well 2,
aquifer test 2
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Figure 13. -Location of wells used in aquifer test 3

depth, respectively. The lower 6.4 feet of casing in each
test hole was slotted. The logs of test holes are given in
table 10.

A distance-drawdown field data graph (figure 14)
prepared with water-level data collected in the observa-
tion wells after a pumping period of 1335 minutes was
superposed on the nonequilibrium type curve. The Theis
(1935) equations were used to determine coefficients of
transmissibility and storage of the aquifer. The coeffi-
cient of transmissibility was computed to be 134,000
gpd/ft. The coefficient of storage (0.155) is in the water-
table range.

The cone of depression created by pumping a well
near a river that is hydraulically connected to the aquifer
is distorted. The hydraulic gradients between the river
and the pumped well will be steeper than the hydraulic
gradients on the land side of the well. The flow towards
the well will be greatest on the river side of the well, and
under equilibrium conditions most of the pumped water
will be derived from the river.

When the well is pumped, water is initially withdrawn
from storage within the aquifer in the immediate vicin-
ity of the well. If pumping is continued long enough wa-
ter levels in the vicinity of the river will be lowered and
water that under natural conditions would have dis-

charged into the river as ground-water runoff or into the
atmosphere as evapotranspiration is diverted toward the
pumped well. Water levels are ultimately lowered be-
low all or part of the river bed in the immediate vicinity
of the well, and the aquifer is then recharged by the in-
fluent seepage of surface water. The cone of depression
will continue to grow until sufficient area of the river bed

Table 10. Drillers Logs of Test Holes Used in Aquifer Test 3
Formition

Brown clay
Soft blue clay
Fine sand
Medium to coarse
Sand, loose
Gray clay
Fine sand, loose
Red clay
Rock

Test hole 3
From

0
20
46
50
82

104
116
120

(It)

20
46
50
82

104
116
120

Test hole 4
Brown clay 0
Fine sand, clay streaks 9
Medium sand, some clay 25
Fine tight sand 30
Coarse sand and gravel, loose 52
Hard gray clay 79
Fine sand, clay streaks 83
Bedrock

Test hole 5
Brown clay 0
Fine sand and clay 11
Fine sand 17
Coarse sand and gravel, loose 55
Gray clay 83

Test hole 6 (Pumped Well)
Brown clay 0
Fine sand and clay 10
Fine sand 18
Coarse sand and gravel, boulders
drilled like rock ledge at 57 feet 48

Gray clay 80
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Figure 14. Dis tance-drawdown data for equifer test 3
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is intercepted and the cone is deep enough so that the
induced infiltration balances discharge.

The area of the river- bed over which recharge takes
place is replaced by a line source. According to the
image well theory (Ferris, 1959) , the effect of a line
source on the drawdown in an aquifer, as a result of
pumping from a well near the line source, is the same
as though the aquifer were infinite and a like recharg-
ing well were located across the line source, and on
right angles thereto, and at the same distance from the
line source as the real pumping well. Based on the image
well theory and the nonequilibrium formula, the drawn-
down distribution in an aquifer bounded by a line source
under equilibrium conditions is given by the following
equation:

« \52SQ log,,, (r,/rf)]/T (1)
where:

s = drawdown at observation point, in ft
Q = discharge of pumped well, in gpm
r, = distance from image well to observation point, in

ft
rp = distance from pumped well to observation point,

in ft
T — coefficient of transmissibility, in gpd/ft
In terms of the distance between the pumped well

and the line source or recharge boundary, equation 1 was
expressed by Rorabaugh (1956) as

s = L528<? loglu (N/4or:r"r7"-"4arpcoF+/r)J) ]/T (2)
where:

a = distance from pumped well to recharge boundary,
in ft

* = angle between a line connecting the pumped well
and the image well and a line connecting the
pumped well and the observation point

For the particular case where the observation well is
on a line parallel to the recharge boundary, equation 2
may be written as follows:

s — [52SQ log,, (\/4a- + rpVrp)]/r (3)
Equations 1 through 3 assume that the cone of de-

pression has stabilized, water is no longer taken from
storage within the aquifer, and equilibrium conditions
prevail. The pumping period required to stabil ize water
levels can be computed by using the following equation
(see Foley, Walton, and Drescher, 1 9 5 3 ) :

t , . = 3.26a-s/lTf log, , , (2u/7- , , )M (4)
where:

t e — time after pumping starts before equilibrium con-
ditions prevail, in days

5 :- coefficient of storage, fraction
V -- deviation from absolute equi l ibr ium (arbitrari ly

assumed to be 0 .05)
In many cases the stabilization of the cone of de-

pression can be attr ibuted either to the effects of slow
gravity drainage, effects of leakage through a confining

bed (Walton, 1960a), or effects of induced infiltration if
the effects of partial penetration are excluded. Walton
( . 1963) gave methods for proving whether or not water
levels stabilize because of the effects of induced infiltra-
tion.

According to Walton ( 1963) the coefficient of trans-
missibility can often be determined from distance-
drawndown data for observation wells on a line parallel
to the recharge boundary. Provided the wells are not
too distant from the pumped well and not too
close to the recharge boundary, the effects of in-
duced infiltration on drawdowns in the wells is approxi-
mately equal because the wells are for practical purposes
equidistant from the image well associated with the
recharge boundary. A plot of maximum drawdowns in
the observation wells versus the logarithm of distance
from the pumped well will yield a straight-line graph.
The slope of the straight line is substituted in the fol-
lowing equation (Cooper and Jacob, 1946) to compute
the coefficient of transmissibility:

T = 528Q/AS (5)
where:

T — coefficient of transmissibility, in gpd/ft
Q = discharge of pumped well, in gpm

AS = drawdown difference per log cycle as determined
from distance-drawdown graph, in ft

If !T is known, the distance from the pumped well to
the recharge boundary, a, can be computed with maxi-
mum drawdowns in each observation well on a line
parallel to the stream and the following equation:

= TS/52SQ (6)
where:

41
a

T =

drawdown, in ft
distance from pumped well to recharge boundary,
in ft
distance from pumped well to observation well, in
ft
discharge of pumped well, in gpm
coefficient of transmissibility, in gpd/ft

The maximum drawdowns in the observation wells
are much less because of the effects of recharge than
they would be if the aquifer were infinite; thus, the co-
efficient of storage cannot be determined from the dis-
tance-drawdown graph.

The nonequilibrium formula (Theis, 1935) and com-
puted values of T and a can be used to determine
the coefficient of storage. Several values of the co-
efficient of storage are assumed, and maximum draw-
downs in each observation well are computed taking
into consideration the effects of the image well asso-
ciated with the recharge boundary and the pumped well.
The computed drawdowns in each observation well are
then compared with actual drawdowns, and the coeffi-
cient of storage that provided computed drawdowns

17



equal to actual drawdowns is assigned to the aquifer.
Three aquifer tests under induced infiltration condi-

tions were made during the period 1952 to 1956. The
results of the tests are summarized in table 7.

An aquifer test (test 4) was made March 3-6, 1952,
on property owned by the Shell Oil Company along the
Mississippi River in sec. 33, T5N, R9W. The test was
conducted for the Shell Oil Company by Ranney Method
Water Supplies, Inc. Seven wells, grouped as shown in
figure 15, were used. Four wells were approximately

IttAGE WELL
.ASSOCIATED WITHneCHAfaE touitoAur

POSITION Of RECHARGEeouHOARr ocTCnoiifD
ffOH AQUIFEK TEST CUT*

PUMPED
• ELL

tCAii at rect

Figure IS. Location of w» l l$ used in «quif»r *«it 4

parallel to and about 200 feet east of the Mississippi
River. Pumping was started at 9:25 ajn. and was con-
tinued at a constant rate of 510 gpm for three days.
Pumping was stopped at 9:25 a.m. March 6, and water
levels were allowed to recover.

Observation wells AS-1, AS-2, and AS-3 were re-
ported to be 7 inches in diameter and averaged 60 feet
in depth; wells AS-4, W-l, and W-2 were 7 inches in
diameter and were drilled to depths of 119, 112, and 55
feet respectively. The pumped well was 12 inches in
diameter and 100 feet deep. Data on lengths of screens
were not available. Recording gages were installed on the
six observation wells and the Mississippi River. Logs of
wells used in the test are given in table 11.

Values of drawdown in wells AS-1, AS-2, and AS-3
at a time 1800 minutes after pumping started were
plotted on semilogarithmic paper against values of dis-
tance from the pumped well as shown in figure 16. A
straight line was drawn through the points. The slope of
the straight line per log cycle and the pumping rate were
substituted into equation 5 and the coefficient of trans-
missibility was computed to be 210,000 gpd/ft.

The distance from the pumped well to the recharge
boundary was determined by substituting the computed
value of T, the measured rate of pumping, and values of
drawdowns in the observation wells into equation 6 and
solving for the distance a. The average distance a was
found to be about 700 feet.

The coefficient of storage was determined to be
0.002 by using the computed values of T, a, the draw-

downs in observation wells, and the nonequilibrium
formula. Fine-grained alluvial deposits (see table 11)
occur in the portion of the aquifer unwatered by pump-
ing.

An aquifer test (test 5) was made May 29 through
June 1, 1956, by Ranney Method Water Supplies, Inc.,
for the Olin-Mathieson Chemical Corporation. E. G.
Jones, Water Survey field engineer, assisted in making
the test. The test site was just southeast of the con-
fluence of Wood River and the Mississippi River in sec.
19, T5N, R9W. Eight wells, grouped as shown in figure
17 were used. The wells were arranged in a T pattern
with four wells parallel to and 350 feet north of the
Mississippi River. Pumping was started at 1:30 pjn. on
May 29 and stopped at 1:30 p.m. on June 1. The pump-
ing rate during the test was held constant at a rate of
760 gpm.

Table 11. Drillers Logs of Wells Used in Aquifer Test 4

Well AS-1
Brown silty sand
Blue clay
Fine gray sand
Coarse sand and sand

and small gravel
Well AS-2

Brown silty clay
Blue clay
Fine gray sand
Coarse gravel and small

and medium gravel
Well AS-3

Brown silty clay
Blue clay
Fine gray sand
Coarse gravel and small

and medium gravel
Well AS-4

Brown clay
Dirty fine gray sand
Fine gray sand
Coarse sand and gravel
Fine red sand
Medium sand and gravel
Medium sand and gravel

Well W-l
Brown clay
Soft blue clay
Fine sand
Sand and gravel
Hard blue clay
Bedrock

Well W-2
Clay
Gray silt
Fine gray sand
Coarse sand and gravel

From

0
19
33
41

0
19
32
42

0
19
34
42

0
5

37
51
71
92

112

0
4

26
37

116

0
3

28
40

Hi)

19
33
41

60

19
32
42

62

19
34
42

60

5
37
51
71
92
112
119

4
26
37

116
118

3
28
40
55
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Figure 16. Distance-drawdown data for aquifer test 4
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Figure 17. Locat ion of well i used in aqu i f e r test 5

The pumped well was 12 inches in diameter and 88
feet deep; the lower 10 feet of the well was screened.
Observation wells AS-1, AS-2, AN-1, AW-1, AW-2, and
AE-1 were 6 inches in diameter and averaged about 90
feet in depth. Well AE-3 was 6 inches in diameter and
124 feet in depth. Drillers logs of wells are given in table
12, Recording gages were installed on the observation
wells and the Mississippi River. Values of drawdown in
wells AS-1, AW-1, AE-1, AS-2, AS-3, and AW-2 at a
time 1830 minutes after pumping started were plotted
on semilogarithmic paper against values of distances
from the pumped well as shown in figure 18. A straight
line was drawn through the points. The slope of the

straight line per log cycle and the pumping rate were
substituted into equation 5 and the coefficient of trans-
missibility was computed to be 95,600 gpd/ft. The slope
of the straight line per log cycle from distance-draw-
down data on a line perpendicular to the river and on a
line parallel to the river are approximately the same
suggesting that the effects of induced infiltration on
drawdowns were negligible. The coefficient of storage, 8,
was computed from the following equation (Cooper and
Jacob, 1946):

S = !Tt/4790r0 (7)_ where:
S = coefficient of storage, fraction
t = time after pumping started, in min
T = coefficient of transmissibility, in gpd/ft
rc = intercept of straight line with zero drawdown

axis, in ft
The coefficient of storage (0.135) is in the water-table
range.

The distance a was found to be 100 feet from the
river's edge, as determined from water-level data col-
lected during a production test February 13-19, 1959,
using the collector well constructed at the site of aquifer
test 5, hydraulic properties of the aquifer determined
from the aquifer test May 29 - June 1,1956, and equation
6. Pumping from the collector well was started at 8 a.m.
on February 13 and continued at a constant rate of 7000
,gpm until 3:15 p.m. February 17 when the pumping rate
was increased to 8400 gpra. The pumping test continued
at a rate of 8400 gpm until 8:15 pjn. February 19 when
pumping was stopped and water levels were allowed to
recover. Recording gages were installed on observation
wells AS-3, AE-1, and AN-1. Frequent water-level meas-
urements were made with a steel tape in well AS-2. In
addition, recording gages were installed on the Missis-
sippi River, on the collector well, and on an observation
well immediately outside the collector well.

An aquifer test (test 6) was made August 4-8, 1952,
by Ranney Method Water Supplies, Inc., for the Mon-
santo Chemical Corporation. The test site is located east
of Monsanto, along the Mississippi River in sec. 27,
T2N, R10W. Seven wells, grouped as shown in figure 19
were used. The wells were arranged in a T pattern with
four wells parallel to and 515 feet east of the Mississippi
River and three wells perpendicular to the river. Pump-
ing was started at 6 p.m. August 4 and was continued at
a constant rate of 1100 gpm until 6 pjn. August 8 when
pumping was stopped and water levels were allowed to
recover.

Observation wells S-l, W-l, N-l, S-2, W-2, and W-3
were 7 inches in diameter and were drilled to depths of
about 100 feet. The pumped well was 12 inches In diame-
ter and was drilled to a depth of 99 feet; 10 feet of screen
was installed at the bottom. Available logs of wells are
given in table 13. Recording gages were installed on the



Table 12. Drillers Logs of Welk Used in Aquifer Test 5
Formation From To(It)

Well AP-12 (Pumped Well)
Fine brown sand, silty 0
Fine brown sand, silty, scattered gravel 15
Medium to pea gravel, fine sand with

scattered clay balls, gray 28
Fine sand, scattered gravel 40
Very fine sand 60
Medium to coarse gravel, fine sand
with scattered clay balls 78

Medium to pea gravel, medium sand 81
Medium to pea gravel, coarse sand 85
Gray clay 88

Well AS-1
Fine brown sand, silty 0
Fine sand, scattered gravel, clay balls 27
Medium to pea gravel, fine sand, clay 30
Very fine gray sand 37
Medium to pea gravel, medium to
coarse sand 73

Clay balls 89
Well AS-2

Fine brown sand, silty 0
Fine brown sand, clay balls 28
Very fine gray sand 30
Medium to coarse gravel, fine sand 37
Medium to pea gravel, fine sand 73
Clay balls 89

Well AS-3
Very fine brown sand, silty 0
Medium to pea gravel, fine sand 22
Fine gray sand 34
Medium to pea gravel, fine sand 70
Medium to pea gravel, medium sand 75
Gray clay 90

15
28
40
60
78
81
85
88

(Total
depth)

27
30
37
73
89

28
30
37
73
89

22
34
70
75
90
96

Formation From Toat)
Medium sand, scattered gravel, clay balls 96 110
Medium sand, scattered pea gravel 110 124
Sandstone rock 124

Well AN-1
Fine sand, brown, silty 0 25
Fine gray sand 25 35
Medium sand, scattered gravel 35 56
Medium sand, scattered gravel, clay balls 56 59
Medium sand, scattered gravel 59 72
Medium to pea gravel, coarse sand 72 80
Medium to pea gravel, medium sand 80 82
Clay balls and boulders 82 83
Medium to fine sand, scattered
gravel, clay balls 83 89

Well AW-1
Fine brown sand, silty 0 20
Medium sand, clay balls 20 31
Fine gray sand, scattered gravel 31 37
Very fine gray sand 37 76
Medium to pea gravel, medium sand 76 87
Gray clay 87 88

Well AW-2
Fine brown sand, silty 0 38
Very fine gray sand 38 55
Very fine gray sand, scattered gravel 55 57
Very fine gray sand 57 84
Medium to fine sand, scattered gravel 84 89
Clay balls 89

Well AE-1
Fine brown sand, silty 0 28
Fine gray sand, clay balls 28 32
Very fine sand 32 75
Medium to pea gravel, fine sand 75 86
Medium to coarse gravel, medium sand 86 90
Clay balls 90

observation wells; Mississippi River stages were avail-
able from the river gage at St Louis.

A time-drawdown field data graph (figure 20) for
well S-2 was superposed on the nonequilibrium type
curve. The Theis (1935) equations were used to deter-
mine coefficients of transmissibility and storage of the
aquifer for data on the third segment of the time-draw-
down curve. The coefficient of transmissibility was com-
puted to be 210,000 gpd/ft. The coefficient of storage
(0.082) is in the water-table range. Drawdowns deviated
from the type-curve trace during the latter part of the
test because of the effects of induced infiltration. The
distance to the image well associated with the recharge
boundary was computed to be 1790 feet from the fol-
lowing equation (see Ingersoll, Zobel, and Ingersoll,
1948):

where:
TJ = distance from image well to observation well, in ft

rf = distance from pumped well to observation well, in
ft

tf = time after pumping started, before the boundary
became effective, for a particular drawdown to be
observed, in min

f; = time after pumping started, after the boundary
became effective, when the divergence of the
time-drawdown curve from the type-curve trace
under the influence of the image weD is equal to
the particular value of drawdown at tf, in min

Specific-Capacity Data
The yield of a well may be expressed in terms of Its

specific capacity, which is defined as the yield in gal-
lons per minute per foot of drawdown (gpm/ft) for a
stated pumping period and rate. Walton (1962) gave
an equation for computing the theoretical specific ca-
pacity of a well discharging at a constant rate in a
homogeneous, isotropic, artesian aquifer infinite in areal
extent.
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Table 13. Drillers Logs of Wells Used in Aquifer Test 6
Formation From To

Well S-l
Gray sandy clay
Gray fine sandy clay
Coarse gray sand, small gravel
Gray fine sand, scattered fine gravel,
brown fine sand

Brown coarse sand, fine gravel
Coarse sand and gravel
Coarse sand, fine to medium gravel
Bedrock

Well S-2
Gray sandy clay
Gray fine sandy clay
Coarse gray sand, small gravel
Gray fine sand, scattered fine gravel,

brown fine sand
Brown coarse sand, fine gravel
Brown coarse sand, fine gravel, some

gray clay
Coarse sand, small to large gravel
Brown coarse sand, fine to medium gravel

(M

0
30
40

45
66
76
90

About

0
30
40

45
66

75
76
90

30
40
45

66
76
90

100
120

30
40
45

66
75

76
90

100

Figure 20. T ime - d r awdown data for well S -2 , aqu ifer test 6

The specific capacity is influenced by the hydraulic
properties of the aquifer, the radius of the well, TV, and
the pumping period, t. The relationship between the
theoretical specific capacity of a well and the coeffi-
cient of transmissibility is shown in figure 21. A pump-
ing period of 24 hours, a radius of 12 inches, and a
storage coefficient of 0.1 were used in constructing the
graph.

There is generally a head loss or drawdown (well
loss) in a production well due to the turbulent flow of
water as it enters the well itself and flows upward
through the bore hole. Well loss and the well-loss co-
efficient may be computed by equations given by Jacob
( 1946). The computations for the well-loss coefficient,
C, require data collected during a step-drawdown test

1 ,000
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Figure 2 1 . Th e o r e t i c a l re la t ion between specific capacity
and the coeffic ient of transmis i ib i l i ty



in which the well is operated during three successive
and equal time periods at constant fractions of full ca-
pacity.

Step-drawdown test data are available for nine wells
in the East St. Louis area. The results of the step-draw-
down tests and construction features of the wells tested
are given in table 14. Well-loss constants for wells
tested immediately after construction range from 0.2
to 1.0 secVft".

Specific-capacity data collected during well-produc-
tion tests made on 32 industrial, municipal, and irriga-
tion wells are given in table 15. The well-production tests
consisted of pumping a well at a constant rate and fre-
quently measuring the drawdown in the pumped well.
Drawdowns were commonly measured with an airline,
electric dropline, or steel tape; rates of pumping were
largely measured by means of a circular orifice at the end
of the pump discharge pipe.

The lengths of tests ranged from 11 minutes to 2
days; pumping rates ranged from 104 to 1905 gpm.
Screen diameters ranged from 8 to 32 inches.

Specific-capacity data for 65 selected relief wells are
given in table 16. The wells were tested during the pe-
riod 1952 through 1960 by the U.S. Corps of Engineers.
The saturated thickness of the aquifer at well sites was
estimated from logs of wells and water-level data. The
tests consisted of pumping the wells at a constant rate of
500 gpm for 2 hours and frequently measuring the draw-
down in the pumped well

A. coefficient of storage in the water-table range
(0.10) estimated from aquifer-test data and several
values of t and rw were used (see Walton 1962) to de-
termine the relationship between specific capacity and
the coefficient of transmissibility for various values of
rv*/t (figure 22). Specific capacities, data concerning
the lengths of tests and radii of wells in tables 15 and
16, and figure 23 were used to estimate theoretical co-

efficients of transmissibility of the aquifer within the
cones of depression of production wells. Theoretical
coefficients of permeability within the cones of depres-
sion were estimated by dividing the coefficient of trans-
missibility by the average saturated thickness of the
aquifer within cones of depression The average satu-
rated thickness of the aquifer within cones of depression
was estimated from logs of wells and water-level data.
No great accuracy is implied for the coefficients of
permeabilities estimated from specific-capacity data be-
cause they are based on an estimated coefficient of stor-
age and are not corrected for well-loss and partial pene-
tration losses. However, as shown in table 14, well-loss
constants for most newly constructed wells are small.
Most wells penetrate completely the more permeable parts
of the aquifer. Thus, well and partial penetration losses
were probably small and not significant. The data in
tables 15 and 16 can be considered only rough approxi-
mations of the coefficient of permeability of the aquifer.
However, the coefficients of permeability in the Mon-
santo area estimated from specific-capacity data agree
closely with the coefficients of permeability computed
from aquifer tests at the Mobil Oil Refinery and the Mon-
santo Chemical Corporation, Indicating that the esti-
mated coefficients of permeability are meaningful.

Water-level and pumpage data for existing pumping
centers were used to compute pumping center specific
capacities given in table 17. Pumping center specific ca-
pacity is here defined as the total pumpage from wells
within the pumping center per foot of average draw-
down within the pumping center.

Summary of Aquifer-Test Data

A map showing how the coefficient of permeability
varies within the East St. Louis area (figure 23) was

Table 14. Results of Step-Drawdown Tests

Owner

Mobil Oil Co.

Southwestern
Campus of SIU,
Edwards ville

Collinsville (V)
Thomason
Amos Bonham
Herbert Bischoff
V. W. Eckmann
East St. Louis

Drainage Dist.
East St. Louis

Drainage Dist.

Drille
Screenknirch
. (ft)

Luhr Bros. 36

Lay ne-Western 20

Luhr Bros.

Screendiameter
(in)
16

10

Layne-Western
Thorpe
Thorpe
Thorpe
Thorpe
Luhr Bros.

30

60
48

16
32 X 40
30 X 40
30 X 40
30 X 40

Screen Material

Johnson Everdur
No. 50 slot
Slotted pipe

Layne No. 4 slot
Porous concrete
Porous concrete
Porous concrete
Porous concrete
Wood

Wood

Dalewelldrilled

12/59

11/60

4/55

Date Well-Ion
of constanttest (u, '/It •)

10/61

12/60

5/55

2.0

0.2

8/50
5/54

10/54
1/54
9/54
4/55

8/50
5/54
4/55
5/54

10/54
5/55

0.7
0.2
0.45
0.5
1.0
1.0

1.0



Table 15. Specific-Capacity Data for Industrial, Municipal, and Irrigation Wells
Non-

pumping
water level

Well
number

MAD—5N10W-I3.5c
5N9W-16.5b2
21. 4h
19.8h
22.1b l
22.1b2
22. 2c
26.8gl
26.8st2
26.8g3
26.8g4
27. Ib
34.7c

MAD—4N9W-IS.lcl
29.7b

3N8W-3.2T2
29.3hl
29.3H2
30.7b
31.2a2
31.2a3
31 .2a4

3N9W-5.8b
6.Sc
H.2c
17.2.

STC—2N8W-6.5h
G.Rd

2N9W-i .Sf
2N10W-1.3.4

1.3«5
12.6g

Depth
Owner (ft)

Oweni Illinois 68
Glass Co.

Olin Mathieson 90
Chemical Corp.

Olio Mathieson 97Chemical Corp.
Alton Boxboard Co. 110
Bethalto (V) 94
Bethalto (V) 94
Bethalto (V) 93
Citr of Wood River 116
City of Wood River 112
City of Wood River 110
City of Wood River 112
Roxana (V) 126

Shoe Co. 1 17

Edwardiville (V) 1 12
J. ThomaL3On 106

Glen Carbon (V) 63
Troy (V) 115
Troy (V) 115
V. W. Eckmann 104
CollinivUle (C) 104
Collinsville (C) 98
Colliniville (C) 98
Herbert Bischoff 110
Herbert Biicboff 110
W. Hanfelder 102
Udell BUchofT 106

Amos Bonham 106
E. A. Weissert 105

Mounds Public
Water Dist. W

National Stock-
yardj Co. 110

National Stock-
yard. Co. HO

Royal Packing Co. 100

Dia-
meter
tt")

26

26
26
26
32
32
30
12
12
16
16
32
12

16
30
30
10
12
30
26
18
26
30
30
12
30

30
12

8

IB
18
12

Table 16.

Wellnumber

Coefficient
Date Specific of trans-of capacity missibility
test ffp"i//lj ( l p < t / l > )

Esti-
mated
satu-
rated
thick-
ness
!!')

Screen Dale
length of
(It) <«'

20 3/40

1 1/33
2/55

35 1/57
54 3/42

3/42
48 5/51
40 4/43
30 4/43
41 4/56
40 10/57
72 3/37
25 4/51

41 2/40
60 4/54
48 5/56
20 2/53

11/60
48 10/54
30 8/58
30 9/50
25 8/55
60 4/54
60 5/M
32 11/56
60 5/54

4/55
20 9/54

10 7/58

40 5/61
40 5/61
40 1/59

Length
of test
(mm)

390

60

1440
480

1440
600
375
385
505

48
1 1

1440
540

45
100
150

2880
60
40

480
30

255
70
35

190
95

60
60

900

360
300
475

(ft btlow Pumping
land

luiface)

9.3

46

5G
30
4 1 . 5
41 .5
40
47 .3
45 .7
58
60.9
48
35

25.5
24
30
25
25
20.3
18.8
20.5
29.0
3 1 .0
28.3
22.1
30.6

28.4
27

8

37
37
33

rate
(tP"i)

1263

560
300

1905
320
305
460
730
405
925
758
530

1 125

1650
1000

104
420
325
468

1150
627

1001
820

1120
768

1150

470
450

349

1248
1230

475

Draw-
down
It')

1 4 . 5

9
1 1 . 7

7 . 1 7
5.2
4.25
7

1 1
6
6
6.5
6

1 7

19
5.48
7
6.35
3 . 1
5.38

1 7 . 7
4.8

1 1 . 0
5 . 1
7.88

15 .5
5 .78

6.55
6

10

8. 18
6.55
3

Specific
capacity
(Ifn/ll)

87

62.2
25.6

266
C2
72
65
66.4
73.6

154
1 1 7
88
61

87
182

14.9
66

105
87
68

130
91

161
140

49.5
199

72
75

34.9

152.5
188
158

Coeffi-cient of
Ira turn is-sibility
(ltd/ID

135,000

62,000
42,000

370,000
80,000

100,000
83,000

105,000
115,000
200,000
150,000
120,000
94,000

98,000
210,000

19,000
120,000
110,000
180,000
105,000
165.000
130,000
180,000
140,000

70,000
230,000

90,000
77,000

60,000

200,000
250,000
190,000

Satu-
ratedthick-
neat of
aquifer(ID

59

44
41
80
53
53
53
69
66
52
61
78
82

96
82
33
90
90
64

103
77
69
79
82
80
75

67
78

82

73
73
67

Coeffi-cient ofperme-
ability
(IP*/'1 ID

2300

14 10
1025
4630
15 10
1890
1570
1520
1740
3850
2460
1540
1150

1020
2560

575
1330
1220
2810
1020
2150
1890
2280
1710
875

3170

1340
990

730

2740
3430
2840

Specific-Capacity Data for Selected Relief Wells

Coeffi-
cient ofpermea-
bility Relief
tlfd/ well
jq /(J number

Wood River (upper) Drainage District
MAD—
5N9W-
13.2a
13.6d
14.1e
19.3c
19.6e

8/54 115 135,000
8/54 238 305,000
9/54 62 67,000
1/55 96 110,000
1/55 156 190,000

90
60
60
96
96

1500 41X
5100 16
1120 1
1450 100
1980 87XX

Wood River (lower) Drainage District
MAD—
5N9W-
20.5a
28.4c
28.8e
29.4g

10/60 114 134,000
10/60 101 118,000
10/60 89 100,000
10/60 65 72,000

80
100
100
100

1670 105
1180 146
1000 138

720 121

Well
nnml>er

East St.
MAD—
4N9W-

20.3g
20.4e
20.5c
20.6a
29.7g
29.8d
30. Ib
31.2h
31 .3f
31.3g
31 .5c
31.6a

Daitof
lesl

Specific
capacity
igfmljt)

Louis (Chain of

8/52
6/52
5/52
6/52
9/52
9/52
9/52
8/52
8/52
8/52
7/52
7/52

94
66
88
93
68
79
66
92
91
56
91
77

Coefficientof trans-
rnissibilityf If d/ ft)

Esti-
matedsatu-
ratedthick-
ness
(ID

Rocks) Drainage

108,000
72,000

100,000
105,000
75,000
88,000
72,000

104,000
102,000

60,000
102,000
86,000

85
90
90
90
85
80
75
75
75
75
70
70

Coeffi-
cient of
permea-
bilityrW/'i ID

District

1270
800

1110
1160
880

1100
960

1390
1360

800
1460
1230

ReliefweU
number

196
184
175
170
169
161
155
150
144
145
141
126



Table 16 (Continued)

Wellnumber

MAD—
3N9W-
6.7g
6.8e

3N10W-
l.lc
12.4f
12.6c
13.8g
14.1f
14.2d
23.5g
East St.
MAD—
4N8W-
7.3a

4N9W-
14.8h

3N10W-
22.1a
23.6c
26.6b
26.7d
28.8e
26.8h
35.6f
35.6h

STC—
2N10W-
11.4e
14.4h
23.5h
23.6c
23.6f
23.7a
34 .5h
34 .6e
34.7c

1N10W-
4.1g
4.2e
4.3b
9.1f
9.2h
lO.lc
10.4c
12.5b
13.3h

Coefficient
D.,, Specific of irtia-

Of capacity muwbility
,n.t (tern/It) (Ipitfl)

7/52
8/52

7/52
6/52
6/52
4/52
9/52
4/52
9/52

56
91

22
103

49
58
38
31
44

Louis Drainage

11/58

10/58

7/55
6/55
7/55
7/55
7/55
7/55
7/55
7/55

10/54
10/54
8/55
8/55
7/55
8/55
8/55

10/54
10/54

10/54
9/54

11/54
10/58
10/58
10/58
10/58
10/58
10/58

172

61

15
41
33
25
64
34
39
36

131
95

156
143
143
139
236
109
151

89
113
142

66
116
125
104
132
126

60,000
103,000

21,000
120,000

52,000
62,000
39,000
31,000
46,000

District

212,000

66,000

14,000
43,000
33,000
24,000
70,000
35,000
40,000
37,000

156,000
110,000
190,000
175,000
175,000
165,000
300,000
125,000
182,000

100,000
134,000
175,000

72,000
136,000
148,000
120,000
160,000
150,000

Esti-mated
satu-rated
thick-
aas(ID

70
70

70
70
70
50
50
50
45

80

85

30
40
40
40
35
30
45
45

75
85
90
85
80
80
90
95
95

95
90
85

100
95
80
80
65
60

Coeffi-cient ofpermea-
bility
III"'/HI It)

857
1470

300
1720

743
1240

780
620

1020

2660

780

456
1070

825
600

2000
1170

890
823

2080
1290
2110
2060
2190
2060
3340
1320
1910

1050
1490
2060

720
1430
1850
1500
2460
2500

Reliefwell
number

117
108

98
69
56
38
33
26
5

1

3

43
7
78
70
64
53
96
87

131
107
124
129
118
136
159
159
169

1%
207
237
262
251
273
263
278
286

Prairie Du Pont Drainage District
STC—
1N10W-
4.7b
8.2h
8.5c
8.7a
9.4h
19.6f
30.6h

10/54
10/54
10/54
10/54
10/54
11/54
10/54

126
148

84
103
125
91

130

150,000
180,000

96,000
120,000
150,000
103,000
154,000

70
55
80
65
70
60
85

2140
3280
1200
1850
2140
1720
1810

23
28
34
45
15
46
55

5s h
10

SPECIFIC CAPACITY. IN gpm/l t

Figure 22. Coeffic ient of trantmiit ibi l ity vtriui specific capacity
(or taveral valu*s of well racfiui and pumping period

" I O W R 9 * R O W

Figure 23. Coefficient of permeabil ity of aquifer



Table 17. Pumping Center Specific-Capacity Data
Pumpage
m 1961
(mid)

5.1
13.5
8.8

10.8
20.5

Average
drawdown

(ID
20
40
15
20
50

Specific
capacity
ltf<t/ID
255,000
338,000
586,000
540,000
410,000

Alton
Wood River
Granite City
National City
Monsanto

prepared from data in tables 14, 15, and 16. The coeffi-
cient of permeability is high in narrow strips extending
from Monsanto north through National City and extend-
ing through Granite City northeasterly along the Chain
of Rocks Canal. The coefficient of permeability is great-
est locally in the Monsanto area, exceeding 3000 gpd/sq
ft. The coefficient of permeability is estimated to be
greater than 2000 gpd/sq ft south of Alton (along the
Mississippi River) in the Wood River area, in a wide
area extending from Monsanto northeast to just south
of Horseshoe Lake, and in the Dupo area. The coefficient

of permeability is less than 1000 gpd/sq ft in an area ex-
tending south from near the confluence of the Missouri
and Mississippi Rivers to north of Horseshoe Lake. The
coefficient of permeability decreases rapidly near the
bluffs and west of the Chain of Rocks Canal.

A map showing the saturated thickness of the aquifer
(figure 24) was prepared from the bedrock surface map
(figure 6), water-level data for November 1961, and a
map showing the elevation of the base of the alluvium.
The saturated thickness of the aquifer is greatest and
exceeds 100 feet in the bedrock valley bisecting the East
St. Louis area. It is least along the bluffs and west of
Chain of Rocks Canal.

A map showing how the coefficient of transmissibility
varies within the East St. Louis area (figure 25) was
prepared from figures 23 and 24. The coefficient of
transmissibility ranges from less than 50,000 gpd/ft
near the bluff and the southern part of the Chain of
Rocks Canal to greater than 300,000 gpd/ft near Mon-
santo.

F igu r e 24 . Sa t u r a t e d th i c kne s i o f aqu i f e r , November 1 9 4 1 Figure 25. Coeff i c i ent of tranimUiibi l i iy of aquifer

25



C O N S T R U C T I O N F E A T U R E S A N D Y I E L D S O F W E L L S
Large capacity wells in the East St. Louis area are

drilled by the cable tool method, the reverse hydraulic
rotary method, or by clam shell lype diggers. Collector
wells have been constructed in the East St. Louis area
by several industries. Most domestic and some irrigation
wells are driven; a few dug wells are still used for do-
mestic supplies.

Industrial, municipal, and irrigation wells are usually
drilled to bedrock or bit refusal. Several wells just south
of Alton terminate at the top of clayey and silty ma-
terial immediately above bedrock. According to Berg-
strom and Walker (1956) the maximum thickness of the
clayey and silty material is 25 feet. Production wells are
usually cased through the finer alluvial deposits in the
upper part of the valley fill and have perforated pipe
sections or commercial screens opposite the lower coarser
alluvium or valley-train deposits. There are two types
of drilled wells in the area: natural pack and artificial
pack. Materials surrounding the well are developed in
place in the case of the natural pack well; materials hav-
ing a coarser and more uniform grain size than the nat-
ural formation are added around the well in the case of
the artificial pack well. As shown in table 18. the thick-
ness of the pack in wells in the area generally ranges
from 6 to 11 inches.

Table 18. Construction Features of Selected Wells
Screen Kecoi d

IV'lllllJA-L
103

no
S5

!):")

120

10S

I C K i

HO.

1 1 1

1 1-1

1 1 1

< lS

1 ::",
1 1 !.">

1 1"

C.Ls ing
depth
lit)

0-73

0-34

0-49

0-47

0-7G

0-73

0-63
0-83

U - 8 1

d-S-1

D-R1

0-78

I i-8n
i . -.<?!)
< - inn

Chillsdia-
meter
(in)

26

26
36
30
40
26
36
16

2-4

1-1

12

1G

1C

16

is
16
T O
i 2

l . r , , s ; l l ,
I/I)

30
76

36

48

44

35

37

20

30

32

30

20

30
16
IT)

Uia-
inr ic i
n«)
26

26
36
30
40
26
36
16

24

12

12

in
10
1C

is
16
10
12

Maln ia l
or manu-
facturer

Evcrdur
Johnson
Porous
concrete
Porous
concrete
Porous
concrete
Slotted
pipe
Everdur
Johnson
Slutted
pipe
Slot ted
pipe
Cool<

O ., .!<

Co. >k

1-ayne
Shutter
Took
Cook
.loh nsoi ' ,

blot Ai- i i l n i . i l
mimWi pack
or > i / c thickni' i *
lu,l tin)

30 11
none

none

none

'.i X 2', 9.5
60 6.0

100
' , X 2' . 7.0

GO

20
30
20
40
20
40
80

4
:ui < ; .u

none
( i l l nmir

Several types of well screens have been used in the
East St. Louis area. Porous concrete, wood, slotted pipe,
and commercial screens are in use. Economic considera-
tions rather than proper well design criteria have gov-
erned the types of screens in use. Screen diameters gen-
erally vary in diameter from 6 to 30 inches, and screens
vary in length from 5 to 76 feet. Screen slot openings
vary depending upon the characteristics of the forma-
tions encountered or the characteristics of the artificial
pack.

Ten collector wells have been constructed in the East
St. Louis area, and six are still in use. Four collector
wells at the Granite City Steel Company were not in con-
tinuous operation in 1962, but were tested periodically
and operated occasionally during the summer months.
The collector well consists of a large diameter, reinforced
concrete caisson from which horizontal screen laterals
project radially near the bottom. The standard caisson
is 13 feet in diameter. The horizontal screen laterals are
fabricated from heavy steel plate, perforated with longi-
tudinal slots, and may be 8 to 24 inches in diameter and
100 to 450 feet in length, depending upon geologic condi-
tions and design of the unit (Mikels and Klaer, 1956).

Thorpe concrete wells are in wide use by municipali-
ties, industries, and irrigation well owners. Thorpe con-
crete wells consist of a concrete casing and porous con-
crete screen either 26 or 30 inches in inside diameter
with walls 5 inches thick. Lengths of screen vary from
24 to 76 feet. Thorpe concrete wells have been in opera-
tion for as long as 35 years. However, in some cases
Thorpe concrete wells have been abandoned because of
reduction in yield after a few months operation.

Driven wells are usually not greater than 50 feet in
depth depending upon the thickness of the alluvium over-
lying the coarser sand and gravel deposits. The driven
wells consist of lengths of 1 .25- or 2-inch diameter pipe
with a drive (or sand) point at the lower end of the
pipe.

About 500 relief wells were drilled in the East St.
Louis area by the U.S. Corps of Engineers near and on
the land side of levees fronting the Mississippi River to
control underseepage beneath levees during floods. Sev-
eral artificial pack relief wells were also drilled along
the Cahokia Diversion Channel. Relief wells in the area
range in depth from 47 to 103 feet. Casings and screens
are 8 inches in diameter and the pack thickness is about
7 inches. The screens are constructed from redwood or
treated Douglas Fir and range in length from 19 to 71
feet. The screens are spiral wound with No. 6 gage gal-
vanized wire and have 18 slots, 3/16 by 3 1/4 inches per
spiral.

Slotted pipe screens are widely used in irrigation
wells in the East St. Louis area because of their low cost.
Tn comparison, only n few industrial and municipal



wells contain slotted pipe screens. Irrigation wells range
in diameter from 8 to 16 inches and usually have pack
thicknesses of 6 to 8 inches. Lengths of slotted pipe
screens range from 10 to 40 feet.

Service Life of Wells and Collector Wells
One of the problems in the East St. Louis area asso-

ciated with the development of ground-water resources
is the short life expectancy of wells. According to a
study by Bruin and Smith ( 1953), the median service
life of municipal wells terminating in sand and gravel
formations in the East St. Louis area is about half that
for similar municipal wells in other parts of the state.
Nearly all of the wells retired in the area were taken
out of service either because the screens had become par-
tially clogged or the wells had filled with sand.

The results of mechanical analyses presented by
Bergstrom and Walker (1956) are shown in figures 26
through 28. According to Bergstrom and Walker the
analyses must be accepted with caution because the con-
ditions of collecting most of the samples are not known,
and because of the highly variable nature of the valley-
fill deposits in the area. A careful examination of the
mechanical analysis curves suggests that the valley-fill
deposits contain a rather high percentage of fine ma-
terials which could, under heavy pumping conditions,
migrate toward a screen and partially clog the well wall
and screen openings. As indicated by data in the files of
industries and municipalities, specific capacities of exist-
ing production wells decrease markedly after a few years
and in some cases after a few months of operation.
Specific capacities are generally determined by the driller
after completion of the well by pumping the well at
different rates for short periods of time, generally less
than 24 hours, and by frequently measuring drawdowns
in the pumped well. This method of measuring specific
capacity is continued by industrial and municipal per-
sonnel periodically.

It Is a general practice of industries and municipali-
ties to place a well in operation and pump it at high rates,
often about 1000 gpm. As the result of heavy pumping,
fine materials migrate towards the well and partially
clog screen openings and the voids of the formation sur-
rounding the well. The well-loss constant increases rapid-
ly and, because well loss varies as the square of the dis-
charge rate, drawdown increases rapidly. The relation
between well-loss constant and drawdown due to well
loss is shown in figure 29. As drawdown increases the spe-
cific capacity and, therefore, the yield of the well de-
creases. Typical decreases in specific capacity due to
increases in the well-loss constant are given in table 19.

Theoretical specific capacities of wells with a nominal
radius of 15 inches and with 40 feet of screen given in
table 19 were determined for values of the coefficient of
transmissibiliry ranging from 100,000 to 300,000 gpd/ft,
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Figur * 27. Me c h a n i c a l unt lyse i o i samples from w»lli

a coefficient of storage of 0.10, a pumping period of 12
hours, pumping rates of 900 or 450 gpm, well-loss con-
stants of 1, 5, and 10 sec*/ft°. The effects of dewatering
and partial penetration (see Walton, 1962) were taken
into consideration in computations.

Computed well-loss coefficients for wells tested im-
mediately after construction (table 14) range from 0.2
sec'/ft" to 1.0 sec2/ftB and meet requirements suggested
by Walton (1962) that the value of C ol a properly de-
veloped and designed well should be less than 5 sec'/ft6.
According to Walton (1962), values of C between 5 and
10 sec'/ft' indicate mild deterioration, and clogging is
severe when C is greater than 10 sec*/ft*. It is difficult
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Figur * 28. Mechan i ca l analyses of sampUs from walls



WELL LOSS C O E F F I C I E N T . IN S E C 2 / F T y

Figure 29. Re l a t i o n between we l l - l o s t con s tan t and
drawdown due to wel l loss

and sometimes impossible to restore the original ca-
pacity if the well-loss constant is greater than 40 sec2/
ft".

Periodic well treatment by acidizing or other meth-
ods has been used successfully to rehabilitate old wells.
However, in many cases wells are abandoned as their
yields decrease and new wells are drilled nearby.

Based on data for production wells which have been
in service a number of years, the average specific capacity
of wells in the East St. Louis area is about 30 gpm/ft.
An average well yield of 450 gpm can be obtained with
a long service life if sufficient screen is provided.

A graph showing the decrease of specific capacity of
a collector well owned by the Shell Oil Refinery near the

Table 19. Theoretical Decreases in Specific Capacity
Due to Increases in Well-Loss Constant

Wcll-losi
coefficient

of 1 lec '/ft '
Coeffi-
cienl of
transmis-ubility

300,000
250,000
200,000
150,000
100,000
300,000
250,000
200,000
150,000
100,000

Pump-ing
rate

(IP*")
900
900
900
900
900
450
450
450
450
450

Draw-
down*no

9.3
10.3
11.9
14.4
19.7
3.7
4.2
4.9
6.1
8.4

Speci-fic capa-
city*

(fpm/tl)
96.9
87.4
75.6
62.5
45.7

122.2
110.7

91.9
73.8
53.fi

Well-loss
coefficient

of 5 sec Vft '

Draw-
down*no
25.3
26.3
27.9
30.4
35.7

7.7
8.2
8.9

10.1
12 .4

Specific
capa-
city*

(Him/ft)

35.6
34.2
32.2
28.6
25.2
58.4
54.9
50.6
44.5
36.3

Well-loss
coefficient

of 10 sec Vft '

Draw-
down*no
45.3
46.3
47.9
50.4
55.7
12.7
13.2
13.9
15.1
17 .4

Specific
capa-
city*

19 .9
19.4
18.8
17.9
16.1
35.4
34.1
32.4
29.8
25.9

city of Wood River is given in figure 30. The specific ca-
pacity of the collector well declined from a peak of 270
gpm/ft in August 1954 to about 50 gpm/ft in March 1963.
A part of the decline in specific capacity can be attributed
to the partial clogging of the laterals by incrustation
and with sand and silt. Mechanical cleaning of one
lateral in June 1962 increased the specific capacity from
about 50 gpm/ft to 55 gpm/ft.

\n,

• I I : ,

Figure 30. Spec i f i c-capac i ty data for co l l e c to r wel l ,
1 9 5 4 t o March 1 9 6 3

Well Design Criteria

Walton (1962) gave criteria for well design in un-
consolidated formations in Illinois. Screen design criteria
are applicable to industrial, municipal, and irrigation
wells. The objective is to design an efficient and economi-
cal well with a service life of at least 10 years.

According to Ahrens (1957) artificial pack wells are
usually justified when the aquifer is homogeneous, has a
uniformity coefficient less than 3.0, and/or has an effec-
tive grain size less than 0.01 inch. The uniformity co-
efficient, C,,, is the ratio of the sieve size that will retain
40 percent of the aquifer materials to the effective size.
The sieve size that retains 90 percent of the aquifer ma-
terials is the effective size. In addition, an artificial pack
is sometimes needed to stabilize well-graded aquifers
having a large percentage of fines in order to avoid ex-
cessive settlement of materials above the screen or to
permit the use of larger screen slots. The uniformity co-
efficients based on mechanical analyses of samples in
figures 26 through 28 are less than 3 and/or the effec-
tive grain size is less than 0.01 inch, indicating that an
artificial pack well should be constructed at each site.

Selection of the artificial pack is based on the mechan-
ical analysis of the aquifer. A criterion that has been
successfully used in Illinois is that the ratio of the 50
percent sizes of the pack and the aquifer (the P-A ra-
t io ) be 5 (Smith. 1954) . Artificial packs should ranee
in thickness from 6 to 9 inches (Walton, 1962) .



To avoid segregation or bridging during placement,
a uniform grain size pack should be used. The screen
slot opening should be designed so that at least 90 per-
cent of the size fractions of the artificial pack are re-
tained.A well sometimes encounters several layers of sand
and gravel having different grain sizes and gradations.
If the 50 percent size of the materials in the coarsest
aquifer are less than 4 times the 50 percent size of the
materials in the finest aquifer, the slot size and pack, if
needed, should be selected on the basis of the mechani-
cal analysis of the finest material (Ahrens, 1957).
Otherwise, the slot size and pack should be tailored to
individual layers.

One of the most important factors in the design of
natural pack well screens is the width or diameter of
the screen openings, referred to as slot size. With a uni-
formity coefficient greater than 6 (a heterogeneous aqui-
fer) and in the case where the materials overlying the
aquifer are fairly firm and will not easily cave, the sieve
size that retains 30 percent of the aquifer materials is
generally selected as the slot size. With a uniformity
coefficient greater than 6 and in the case where the
materials cave, the sieve size that retains 50 percent of
the aquifer materials is selected as the slot size (Walton,
1962). With a uniformity coefficient as low as 3 (a
homogeneous aquifer) and in the case where the ma-
terials overlying the aquifer are fairly firm and will
not easily cave, the sieve size that retains 40 percent of
the aquifer materials is selected as the slot size. With a
uniformity coefficient as low as 3 and in the case where
the materials overlying the aquifer are soft and will
easily cave, the sieve size that retains 60 percent of the
aquifer materials is selected as the slot size.

The screen length is based in part on the effective
open area of a screen and an optimum screen entrance
velocity. According to Walton (1962), to insure a long
service life by avoiding migration of fine materials to-
ward the screen and clogging of the well wall and screen
openings, screen length is based on velocities between 2
and 12 feet per minute (fpm).

The length of screen for a natural pack well is select-
ed from the coefficient of permeability of the aquifer de-
termined from aquifer tests by using table 20 and the
following equation (Walton, 1962):

L. = Q/ACVC(7AS) (9)
where:
L. = required length of screen, in ft
Q = discharge, in gpm

Ae — effective open area per foot of screen, in sq ft
Vc = optimum entrance velocity, in fpm

On the average about one-half the open area of the
screen will be blocked by aquifer materials. Thus, the
effective open area averages about 50 percent of the
actual open area of the screen.

Table 20. Optimum Screen Entrance Velocities*
Coefficient of

ility
10

permeability
10

>6000
6000
5000
4000
3000
2500
2000
1500
1000

500
< 500

Optimum icreen
entrance velocitiej

(it")
12
11
10

9
8
7
6
5
4
3
2

•From Wallon (1962)

The results of studies Involving the mechanical anal-
yses of samples of the aquifer collected at two sites dem-
onstrate some of the principles involved in the design of
sand and gravel wells. Suppose that it is desired to design
a 16-inch diameter well based on the mechanical anal-
ysis of samples for well MAD 5N9W-26.8g (see figure
26) . Since the ratio of the 50 percent grain size of the
coarser material from 76.6 to 93.1 feet to the 50 percent
grain size of the finer material from 93.1 to 108.1 feet is
less than 4, the screen or pack must be designed on the
basis of results of analysis of the finer materials. The
uniformity coefficient of the finer materials is less than
3 and the effective grain size is less than 0.01 inches,
indicating that an artificial pack well should be used.
The 50 percent size of the materials of the finest sample
is 0.011 inch; thus, with a pack-aquifer ratio of 5, a
very coarse sand pack with particles ranging in diameter
from about 0.04 to 0.08 inch is indicated. To retain 90
percent of the size fractions of the pack a slot size of
0.040 inch would be required. An artificial pack thickness
of 6 inches is adequate.

For demonstration of the design of a natural pack
well, consider the grain-size distribution curves in figure
31. The mechanical analyses are for samples taken from
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a test hole near Monsanto. The coefficient of permeability
of the aquifer in the vicinity of the test hole was esti-
'mated to be 3000 gpd/sq ft from aquifer-test data. The
50 percent size of the materials in the finest sample is
less than 4 times the 50 percent size of the materials in
the coarsest sample; therefore, the slot size should not
be tailored to individual samples but should be based on
the mechanical analysis of the finest sample. The effective
grain sizes of all three samples are greater than 0.01 and
uniformity coefficients are greater than 3. A natural
pack well is therefore indicated. The materials overlying
the aquifer will not easily cave so the sieve size (0.060
inch) that retains 40 percent of the aquifer materials is
selected as the proper slot size.

Suppose a pumping rate of 1000 gpm is desired.
Computations made with equation 9, indicate that 26
feet of 16-inch continuous slot screen with a slot open-
ing of 0.060 inches is needed. The effective open area of
the screen is estimated to be 0.640 sq ft per foot of the

screen. The optimum screen entrance velocity (table 20)
is equal to 8 fpm.

Alternate designs to the above example are possible by
using a small diameter screen with a longer length or a
larger diameter screen with a shorter length.

The following are well diameters that have been used
in Illinois (Smith, 1961):

Pumpingnte
(if)
125
300
600

1200
2000
3000

DiuQctcrof wcO•
6
8

10
12
14
16

Experience has shown that in the case of a multiple
well system consisting of more than two wells the proper
spacing between wells is at least 250 feet.

G R O U N D - W A T E R W I T H D R A W A L S
The first significant withdrawal of ground water in

the East St. Louis area started in the late 1890s. Prior to
1900 ground water was primarily used for domestic and
^"arm supplies; since 1900 pumpage has been mostly for
industrial use. The first record of an Industrial well in the
East St. Louis area is for a well drilled in 1894 by the Big
Four Railroad in East Alton (Bowman and Reeds, 1907).
The well was 54 feet deep and 8 inches in diameter, and
was pumped at an average rate of 75,000 gpd. The
water was used primarily in locomotive boilers. The
meat packing industry in National City started to pump
large quantities of ground water in 1900. According to
Schicht and Jones (1962), estimated pumpage from
wells in the National City area increased from 400,000
gpd in 1900 to 5.3 mgd in 1910. The first municipal well
was drilled in 1899 by Edwardsville at a site near Poag
and was pumped at an average rate of 300,000 gpd. The
second municipal well was drilled in 1901 by Collinsville
at a site about a mile north of Caseyville and was
pumped at an average rate of 100,000 gpd. Pumpage
from wells in the East St. Louis area from 1890 through
1960 was estimated by Schicht and Jones (1962). Esti-
mated pumpage from wells increased from 2.1 mgd in
1900 to 111.0 mgd in 1956 as shown in figure 32. Pump-
age declined sharply from 111.0 mgd in 1956 to 92.0
mgd in 1958 and then gradually increased to 93.0 mgd in
1960. The average rate of pumpage increase for the pe-
riod 1890 through 1960 was about 1.5 mgd per year.

Pumpage from wells in the East St. Louis area was
greatest in 1956, totaling 111.0 mgd. As shown in figure
32 pumpage increased from 93.0 mgd in 1960 to 96.8 mgd
in 1961, and increased sharply to 105.0 mgd in 1962.

Pumpage is concentrated in five major pumping cen-
ters: the Alton, Wood River, Granite City, National City,
and Monsanto areas. Also, there are five minor pumping
centers: the Fainnont City, Caseyville, Poag, Troy, and
Glen Carbon areas. The distribution of pumpage in 1956
and 1962 are shown in figures 33 and 34 respectively,
which also indicate the locations of the pumping centers.
As shown in figures 35 and 36, changes in pumpage for
the period of record are similar in all major pumping
centers. Poor economic conditions are reflected in the
decreased pumpage during the years of the late 1920s
and early 1930s. The effects of increased production dur-

MUN IC IPAL , DOMEST IC ,a I R R I G A T I O N PUMPAGE

1950 I960

Figure 32. Est imated pumpage from we l l s ,
1 6 9 0 through 1 9 6 2 , subdivided by u s e
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ing World War n and the post-war reduction in produc-
tion are evident. There has been a general and gradual
increase in pumpage from the five minor pumping cen-
ters throughout the period of record as shown in figure
37.

The distribution of pumpage from wells in 1956,
1960, 1961, and 1962 is shown in table 21. The greatest

Table 21. Distribution of Pumpage from Wells
Tot*] pumpage (mid)

Pumping
center

Alton area
Wood River area
Granite City area
National City area
Monsanto area
Fairmont City area
Caseyville area
Poag area
Troy area
Glen Carbon area

Total

1956 I960 1961 1962
9.8 13.6 12.3 13.9

21.1
30.1
13.8
30.1

2.4
2.3
0.9
0.3
0.2

20.9
7.9
9.6

33.2
3.2
2.6
1.2
0.5
0.3

24.3
8.8

10.8
31.9

4.4
2.4
1.2
0.4
0.3

25.5
9.5

11.6
35.4
4.5
2.5
1.2
0.5
0.4

111.0 93.0 96.8 105.0

FAIR MONT CITY
AREA

^C; ALTON AREA ..

..-/' GRANITE CITY

•\HATIONAL CITY\ \ AREA
I v x<rrM. FA/RMONT CITY

\ r7~^ / /1. r*-. T —— - •— AREA — -

Figure 33. Distr ibut ion oi *stirnat«d pumpagc in 1 9 5 6

_ j
Figure 34. Distr ibut ion o i estimated pumpaqe in 1 962

change in pumpage from 1956 to 1962 occurred in the
Granite City area. Because of a serious decline in water
levels caused by heavy pumpage concentrated in a rela-
tively small area and the severe drought during 1952-
1956, the Granite City Steel Company abandoned its
wells in 1957 and began obtaining water supplies from
the Mississippi River. As a result, withdrawals of
ground water dropped sharply from 30.1 mgd in 1956 to
7.6 mgd in 1958, and gradually increased to 95 mgd in
1962. Pumpage in the National City area in 1962 does
not include pumpage necessary to dewater a cut along an
interstate highway in construction near National City
since this information was not available at the time this
report was written.

Of the 1962 total pumpage, withdrawals for public
water-supply systems amounted to about 6.4 percent, or
6.7 mgd; industrial pumpage was about 91.1 percent, or
95.7 mgd; domestic pumpage was 2.3 percent, or 2.4
mgd; and irrigation pumpage was 0.2 percent, or 02
mgd.

The major industries in the East St. Louis area using
ground water are oil refineries, chemical plants, ore re-
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fining plants, meat packing plants, and steel plants.
Data on industrial pumpage were obtained from 82
plants. Industrial pumpage was 83.5 mgd in I960, 87.8
mgd in 1961, and 95.7 mgd in 1962. Public supplies in-
clude municipal, commercial, and institutional uses. In
1962 there were 10 public water supplies in the East
St. Louis area having an estimated total pumpage of 6.7
mgd. Public pumpage was 6.8 mgd in 1960 and 6.6 mgd
in 1961. Water pumped by hotels, hospitals, theaters,
motels, and restaurants is classified as commercial and
institutional pumpage and in 1962 averaged about 400,-
000 gpd.

Domestic pumpage, including rural farm nonirriga-
tion and rural nonfarm use, was estimated by consider-
ing rural population as reported by the U.S. Bureau of
the Census and by using a per capita use of 50 gpd.
Domestic pumpage was estimated to be 2.4 mgd in 1960,
1961, and 1962.

Development of ground water for irrigation on a
significant scale started in 1954 during the drought ex-
tending from 1952 through 1956. In 1962 there were 31
irrigation wells in the East St. Louis area. Estimated
irrigation pumpage was 300,000 gpd in 1960, 100,000 gpd
in 1961, and 200,000 gpd in 1962.

Prior to 1953 pumpage from wells was largely con-
centrated in areas at distances of 1 mile or more from
the Mississippi River. During and after 1953 pumpage
from wells at distances within a few hundred feet from
the river increased greatly in the Alton, Wood River,
and Monsanto areas. Distribution of pumpage from wells
near the river during 1956, 1960, 1961, and 1962 is given
in table 22. The distribution of pumpage from wells near
the river in 1962 is shown in figure 38. During 1962 total
pumpage from Alton, Wood River, and Monsanto area
pumping centers was 74.8 mgd of which 31.2 mgd or

41.7 percent was withdrawn from wells near the Missis-
sippi River.

Figure 36. Distr ibut ion of •itimattd pumptg* from w»l
n»ar Miitisiippi River in 1962

Table 22. Distribution of Pumpage from Wells near Mississippi River
(Pumpage in million gallons per day)

1956 I960 1961 1962

Pumping
center

Alton area
Wood River area
Monsanto area

Total

From all
wells incenter

9.8
21.1
30.1

From wells
near river

0
7.3

10.8

From all
wells incenter

13.6
20.9
33.2

From wellinear river

6.3
6.8

10.5

From »U
wells incenter

12.3
24.3
31.9

From welU
near river

7.2
10.8
11.4

From «11
welli incenter

13.9
25.5
35.4

From wells
near river

7.6
10.8
12.8

61.0 18.1 67.7 23.6 68.5 29.4 74.8 31.2

W A T E R - L E V E L F L U C T U A T I O N S
Prior to the settlement of the East St. Louis area, the

water table was very near the surface and shallow lakes,
ponds, swamps, and poorly drained areas were wide-
spread. Development of the East St. Louis area led to

the construction of levees and drainage ditches and sub-
sequent changes in ground-water levels. Bruin and
Smith (1953) estimated that these developments caused
lowering of ground-water levels by 2 to 12 feet. In ad-
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dition, industrial and urban expansion and the subse-
quent use of large quantities of ground water has lower-
ed water levels appreciably in the Alton, Wood River,
Granite City, National City, East St. Louis, and Mon-
santo areas. Lowering of water levels caused by large
withdrawals of ground water has also been experienced
in the Poag, Caseyville, Glen Carbon, Troy, and Fairmont
City areas.

Figure 39 shows the change in water levels in the
East St. Louis area during 61 years. The map is based
on piezometric surface maps for 1900 and 1961. The
greatest declines occurred in the five major pumping
centers; 50 feet in the Monsanto area, 40 feet in the
Wood River area, 20 feet in the Alton area, 15 feet in
the National City area, and 10 feet in the Granite City
area. Water levels rose more than 5 feet along Chain of
Rocks Canal behind the locks of the canal where the
stage of surface water in 1961 was above the estimated
piezometric surface in 1900. In areas remote from ma-
jor pumping centers and the Mississippi River, water
levels declined an average of about 5 feet. Water levels
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Figure 39. Est imated change in water levels,

1900 to November 1 9 4 1

have not changed appreciably in the Horseshoe Lake
area.

The piezometric surface map for December 1956 was
compared with the piezometric surface map for Novem-
ber 1961, and figure 40 shows the change in water levels
in the East St. Louis area during this time. The great-
est rises in water levels, exceeding 50 feet, were recorded
in the Granite City area and are due largely to a reduc-
tion in pumpage in the area from 31.6 mgd in 1956 to
about 8.0 mgd in 1961. Water levels declined slightly in
the center of the Monsanto cone of depression because
of an increase in pumpage of about 3 mgd from 1956 to
1961. Water levels rose more than 5 feet in other places
in the Monsanto area and more than 10 feet in the Al-
ton area. Water levels in the Wood River area declined
less than 1 foot near the center of pumping and rose
more than 10 feet in other places. Along the Mississippi
River west of Wood River water levels rose more than 20
feet; along the Mississippi River west of Monsanto wa-
ter levels declined slightly in an area affected by an in-
crease in pumpage from wells near the river. In areas
remote from major pumping centers and the Mississippi
River, water levels rose on the average about 5 feet.

Changes in water levels from June to November 1961
were computed (Schicht and Jones, 1962) and were
used to prepare figure 41. The stage of the Mississippi
River was higher during November than in June, and as
a result ground-water levels rose appreciably along the
river especially in areas where induced infiltration occurs.
Water levels declined more than a foot at many places
in the Granite City and National City areas and along
the bluffs north of Prairie Du Pont Creek. Water-level
declines averaged about 3 feet south of Prairie Du Pont
Creek. Water-level rises exceeded 5 feet in the Alton
area and exceeded 7 feet along the Mississippi River
west of Wood River. Water levels rose in excess of 4 feet
in the Monsanto area. A tongue of water-level rise ex-
tended eastward through Monsanto and to a point about
5 miles northeast of Monsanto.

Changes in water levels from June 1961 to June
1962 are shown in figure 42. The stage of the Mississippi
River was higher during June 1962 than in June 1961,
and as a result ground-water levels rose appreciably in
most places along the Mississippi River and Chain of
Rocks Canal. Water levels declined more than a foot
near Monsanto along the Mississippi River as a result of
heavy pumping. Water levels declined less than a foot
in the Horseshoe Lake area and in places along the
bluffs; water levels also declined in a strip west of Dupo.
Water levels rose in excess of 5 feet along the Mississippi
River in the Alton and Wood River areas and along the
northern reach of Chain of Rocks Canal. Immediatelj
east of Dupo water levels rose in excess of 4 feet.

Changes in water levels from November 1961 to
June 1962 are shown in figure-43. Ground-water levels
rose appreciably in most places because Mississippi
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River stages were higher in June 1962 than in November
1961. During the winter and early spring months, con-
ditions were favorable for the infiltration of rainfall to
the water table. Ground-water levels rose appreciably
along the bluffs, the rise exceeding 7 feet in places.
Ground-water level rises along the Mississippi River
exceeded 5 feet east of Wood River and east of National
City; ground-water level rises exceeded 5 feet at the
northern end of Long Lake and near Dupo. Water levels
declined less than 1 foot around Horseshoe Lake and
between 1 and 2 feet in a small area near Monsanto.

Examples of fluctuations in water levels in the East
St. Louis area are shown in figures 44-49. The locations of
observation wells for which hydrographs are available
are given in figure 50. As illustrated by the hydrographs
for wells remote from major pumping centers in figure 44,
water levels generally recede in the late spring, summer,
and early fall when discharge from the ground-water
reservoir by evapotranspiratlon, by ground-water run-
off to streams, and by pumping from wells is greater
than recharge from precipitation and induced infiltration
of surface water from the Mississippi River and other

Figur. 41 . E» » ima * »d ch«ng. i n wat .r l .v. ls .
June t o Nov«mb»r 1961

Figure 42. Estimated change in water levelt,
Jun. 1961 to Jun. 1962

streams. Water levels generally begin to recover In th
early winter when conditions are favorable for the In-
filtration of rainfall to the water table. The recovery of
water levels is especially pronounced during the spring
months when the ground-water reservoir receives most
of its annual recharge. Water levels are frequently
highest in May and lowest in December, depending pri-
marily upon climatic conditions, pumping rates, and
the stage of the Mississippi River. Water levels in wells
remote from major pumping centers have a seasonal
fluctuation ranging from 1 to 13 feet and averaging
about 4 feet.

Water levels in the East St. Louis area declined ap-
preciably during the drought, 1952-1956. The records of
the U.S. Weather Bureau at Edwardsville indicate that
rainfall averaged about 34.3 inches per year from 1952
through 1956, or about 6.5 inches per year below norm
The hydrograph of water levels in well MAD 3N8V
31.2a and the graph of annual precipitation at Edwards-
ville for 1941 to 1962 in figure 45 illustrate the pro-
nounced effect of the prolonged drought on water levels.
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~\ Examples of hydrographs of water in wells within
.. major pumping centers are shown in figures 46-49. Com-
parisons of pumpage and water-level graphs indicate
that in general water levels within pumpage centers

Figure 43. Est imated change in water levels ,
November 1 9 6 1 to June 1962

Figure 44. Water levels in wells remote from major
pumping centers, 1 9 5 3 - 1 9 6 2

fluctuate in response to changes in precipitation, river
stage, and pumpage. The effects of the drought during
1952-1956 are apparent; the effects of changes in river
stage are masked almost completely by the effects of
the drought and pumpage changes. However, careful study
of river stages and water-level data indicate that water
levels in major pumpage centers do fluctuate several feet
in response to large changes in river stage. If the effects

Figure 45. Water levels in well MAD 3NBW-3I .2« and
annual precipitation at Edwardiville, 194 1 - 1962
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Figure 46. Water l e v e l s in Alton and Wood River areas

* 390
C 410

MO
410

MAO 3N9W-t.

MAD 3N9*-t. i |

MAO >N **-!&.••

Figure 47. Wate r leve l s i n Granite City area , 1 9 5 1 - 1 9 6 2



of the drought and changes in river stage are taken
into consideration, water-level declines are directly pro-
portional to pumping rates. The water levels vary from
place to place within pumpage centers and from time to
time mostly because of the shifting of pumpage from
well to well, shifting of pumpage from pumpage centers
1 mile or more from the Mississippi River to pumpage
centers near the river, and variations in total well field
pumpage. At no location is there any apparent contin-

Annual fluctuations of water levels in wells within
major pumping centers are generally less than 15 feet.
The average rate of decline during 1952-1956 was about
2 feet per year. The average rate of rise in the Granite
City area during the period 1957-1962 was about 2 feet
per year. The average rate of decline in the Monsanto
area during 1930-1962 was about 1.3 feet per year.
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ses. Thus, within a relatively short time after each
^ase in pumpage, recharge directly from precipita- ^
and by induced infiltration of water in streams in- t J«o
sed in proportion to pumpage as hydraulic gradients 5
me greater and areas of diversion expanded. |
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Figure 46. Water levels in welli in Nat iona l City area,
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P I E Z O M E T R I C S U R F A C E

In order to delineate areas of diversion and to deter-
mine directions of ground-water movement in the East
St. Louis area, piezometric surface maps were made.

Figure 51 depicts the surface drainage system in 1900
and the estimated piezometric surface prior to heavy in-
dustrial development. The piezometric surface sloped
from an estimated elevation of about 420 feet near the
bluffs to about 400 feet near the Mississippi River. The
average slope of the piezometric surface was about 3
feet per mile; however, the slope ranged from 6 feet per
mile in the Alton area to 1 foot per mile in the Dupo
area. The slope of the piezometric surface was greatest
near the bluffs. The general direction of ground-water
movement was west and south toward the Mississippi
River and other streams and lakes. The establishment of
industrial centers and the subsequent use of large quan-
tities of ground water by industries and municipalities
has lowered water levels appreciably in the areas of
heavy pumping.

From 1952 through 1956 water levels declined ap-
preciably in the East St. Louis area as the result of
drought conditions, low Mississippi River stages, and
record high ground-water withdrawals. Figure 52 shows
the piezometric surface in December 1956, when water
levels were at record low stages at many places.

The illustration shows clearly the cones of depres-
sion in the piezometric surface which have developed
as the result of heavy pumping. It will be noted that a
considerable lowering has taken place in the piezometric
surface since 1900. In 1956 the deepest cone of depres-
sion was in the Granite City area. Other pronounced
cones were centered in major pumping centers.

Figure 53 shows the piezometric surface in June
1961 after pumpage was reduced in the Granite City area.
The piezometric surface map for December 1956 is sim-
ilar in many respects to the piezometric surface map for
June 1961. Significant differences are that the cone of
depression in the Granite City area was much deeper
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Flgur * SI. Dra inage «ytt«m and «s*im«t»d cUvaflon of
pieiom«tric lurfac* about 1900

in 1956 than in 1961, and ground-water levels were lower
in the vicinity of streams and lakes in 1956 than they
were in 1961.

During June 1962, when water levels were near peak
stages, a mass measurement of ground-water levels was
made, and data collected are given in tables 23, 24, and
25. The piezometric surface map for June 1962 is shown
in figure 54. Features of the piezometric surface maps
for June 1961 and June 1962 are generally the same. The
deepest cone of depression in June 1962 was centered in
the Monsanto area where the lowest water levels were
at an elevation of about 350 feet. A smaller cone of
depression occurred near the Mississippi River about 1.5
miles west of the large Monsanto cone of depression in
the vicinity of a small pumping center. The water levels
in the center of this cone of depression were at an ele-
vation of about 355 feet. The elevations of the lowest wa-
ter levels in other important cones of depression were:
385 feet In the Wood River area, 390 feet in the Alton
area, 395 feet in the Granite City area, and 390 feet in
the National City area.

The general pattern of flow of water in 1962 was slow
movement from all directions toward the cones of de-
pressions or the Mississippi River and other streams.
The lowering of water levels in the Alton, Wood River,
National City, and Monsanto areas that has accompanied
withdrawals of ground water in these areas has estab-
lished hydraulic gradients from the Mississippi River
towards pumping centers. Ground-water levels were be-
low the surface of the river at places and appreciable
quantities of water were diverted from the river into
the aquifer by the process of induced infiltration. The
piezometric surface was above the river at many places.
For example, southwest of the Granite City cone of de-
pression water levels adjacent to the river were higher
than the normal river stage and there was discharge of
ground water into the river.

The average slope of the piezometric surface in areas
remote from pumping centers was 5 feet per mile. Grad-
ients were steeper in the immediate vicinity of major

11
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Table 23. Water-Level Data for Wells

i .i. i . . _ _ t Qfi9

W iiennumber

MAD—
5N10W-

13.2a
13.5c
13.6cl
13.7e
14.1e
24.1h

5N9W-
16.5b
18.3c
18.4b
19.3c
19.4h
19.6e
19.7f
19.8g
20.5a
22.2c
26.8g
27.5a
28.3h
28.4c
28.8e
29.1e
29.4f
29.4g
•X) ^o-^:?.ijg
33.5el
33.5e2
34.7c
35.5f
35. 5h
35.6b

4N8W-
6.8h
7.4b

19.4e
20.3c
SO.lf

4N9W-
9.2b

10.8h
12.4h
IS.lcl
14.8h
16.5b
19.3b
20.3g
25 .2d
27.8h
29.7b
29.8d
SO.lb
31. 2h
31.3g
31.6a
34. Ih
34.5a

Elevation
of meas-
uringpoint(ID __

413 .4
412.8
416.1
415.2
411 .9
414.7

443.03
436.7
438.1
415.7
430
415.8
413.3
414.7
413.4
440.71
441.42
428.52
432.60
413.30
418.2
413.4
416.07
414.4
dl"? 4'i.ikJ .T
418.44
417.89
A <31431
445.55
446.53
445.69

441.18
428
429
452.5
425

434.61
432.57
427
439.15
422.89
417.78
422
414.39
421
409
421.06
413.42
416.70
416.95
415.57
408.02
423
421

Water levels, junc i.*~..
Mean tea

Depth to levelwater elevation
_JJt)

7.52
6.44
9.42
6.32
1.55
9.31

44.25
49.11
47.10

7.56
35.45

7.97
6.44
8.02
5.68

47.57
57.17
36.25
32.25
11.22
10.29
11.15

8.67
7.30
8.26

16.00
14.00
37.20
60.55
64.53
50.69

31.45
18.06
16.86
30.32

8.07

25.05
24.8
19.65
26.00
16.50

7.45
18.49

5.40
8.73
1.00

13.17
5.58
8.88
9.28
7.98
1.09

14.84
10.36

fl'J _

405.88
406.36
406.68
408.88
410.35
405.39

398.78
387.59
391
408.14
394.55
407.83
406.86
406.68
407.72
393.14
384.25
392.27
400.35
402.08
407.91
402.25
407.40
407.10
407.14
402.44
403.89
393.80
385
382
395

409.76
409.94
412.14
422.18
416.93

409.56
407.77
407.35
413.15
406.39
410.33
403.51
408.99
412.27
408.00
407.89
407.84
407.82
407.67
407.59
406.93
408.16
410.64

Water level changes
(ID

FromJune 1961
to

June 1962

+ 5.28
+5.88
+5.40
+5.60
+6.37
+5.19

+4.42
+2.91
+3.00
+5.20
+3.20
+5.79
+5.77
+5.80
+3.18
+5.53
+4.53
+2.%
+3.20
+2.85
+4.75
+4.40
+2.68
+3.61
+3.41

+11.00
+10.00

+5.80
+3.50
+4.81

+3.42
+2.03
—0.42
+9.12
+2.38

+3.13
+4.00
+2.79
+2.00

+2.30
+5.18
+0.60
+3.66

+2.27
+2.53
+2.72
+2.77
+2.76
+0.76

From No-
vember 1961to
June 1962

+3.11
+1.56
+1.25
+0.14
+0.54
+ 2.96

+2.33
+3.19
+2.00
+2.54
+2.09
+2.67
+3.03
+3.20
+1.05
+3.99
+2.86
+3.61
+3.77
+1.09
+ 1.29
+1.07
+0.33
+0.83
+0.54
+5.00
+3.00
+3.00
+3.45
+3.47
+0.52

+2.28
+3.02
+0.91

+11.48
+6.88

+2.33
+3.00

+3.34
+0.46
+1.25
+0.32
+5.46
+1.83
+2.05
+1.90
+1.86
+1.69
+1.61
+1.87
+1.87

Water levels,
Elevation
ol meas-uring Depth to

Well point water
number ( I t ) (ID

4N10W-
36.5f

3N8W-
5.2fl
6.1e
8.4h
8.8a

17.4d
20.5c
20.8c
30.7b
31.2a

3N9W-
3.1a
5.8b
6.3c
7.7b
8.5g
9.4e

10.4b
12.3g
14.2c
16.1d
16.8a
IS.lf
19.3gl
19.8n
20.2h
20.7e
20.8dl
20.8d2
20.8el
21.2d
23.5g
24.4g
28.4e
32.3b
32.6g
35.2d
35.5g
36.2f

3N10W-
l.lc

12.4f
12.6c
13.8g
14.1f
14.2d
14.3c
14.4b
22.1a
22.1c
23.6c
23.7c
24.1cl
24.1c2
24 .6c
25. 8b
26.6b

415

439.65
425
430
422
416.06
430
422
421.28
428.22

415
424.45
426.66
425.08
420.84
421
415
420.5
425.50
422
415.88
412.90
417.74
424.14
414.67
418.73
416.68
414.71
416.33
408
419
425.90
417.5
410
418
411.21
415.5
421.12

407.11
406.98
407.51
409.43
406.78
411.36
413.53
413.69
412.2
412.9
413.5
412.4
422.34
418.59
420
414.96
411 .3

2.75

20.00
6.75

10.78
9.35
4.02

19.46
10.01
12.55
20.04

7.05
16.78
19.39
19.15
12.40
12.80

5.35
4.76

17.36
14.82
10.87

8.88
15.78
26.68

9.54
14.87
13.57
11.89
13.03

4.85
16.65
16.55
6.81

12.15
17.58

6.34
8.65

13.07

0.00
0.73
1.34
5.58
4.11
7.63
9.92
7.59

10.82
12.39
13.40
12.35
24.47
20.97
29.07
14.94
10.73

, June 1962
Mean tealevelelevation(ID

412.25

419.65
418.25
419.22
412.65
412.04
411.54
411.99
408.73
408.18

407.95
407.67
407.27
405.93
408.44
408.20
409.65
415.74
408.14
407.18
405.01
404.02
401.%
397.46
405.13
403.86
403.11
402.82
403.30
403.15
402.35
409.35
410.69
397.85
400.42
404.87
406.85
408.05

407.11
406.25
406.17
403.85
402.67
403.73
403.61
406.10
401.38
400.51
400.10
400.05
397.87
397.62
390.93
400.02
400.57

Water level
(ID

changes

From From No-
June 1961 vember 1961
Junet01962 June°1962

—0.77

+2.00
+0.43
—0.24
+0.68
—0.02

+0.69
+0.52
+0.11

—0.42
+3.91
+3.54
+3.57
+3.27
+3.67
+0.26
—0.18
—0.09
—0.63
—0.11
+2.42

+0.18
—0.10
—0.13
—0.16
—€.12
—0.91
—0.45
+0.38
+0.27
—0.21

+0.31
+0.33
+0.59

+3.22
+1.86
+1.80
+2.64
+1.99
+3.05
+2.93
+5.40
+2.13
+2.15
+1.75
+1,02
+1.63
+1.58
+2.08
+1.84
+0.45

+1.89

+3.00
+2.01
+1.82
+1.97
+0.76
+4.10
+2.28
+2.16
+3.44

—0.19
+3.20
+2.96
+7.95
+2.91
+4.34
+1.31
—0.55
—0.36
+1.23
+0.89
+2.42

+6.74
+0.82
+1.57
+2.10
+1.86
+1.82
—0.69
+0.05
+1.15
+1.34
+3.21

+1.59
+0.95
+2.15

+2.05
+1.25
+1.34
+2.72
+1.84
+2.56
+2.44
+5.09
+0.94
+1.45
+0.68
+1.35
+2.23
+2.19
+2.18
+2.57
+1.80



Table 23 (Continued)
. ,r 1 _ _ . _ ! . I.,.,. 1Q£9

Well

Elevation
of meas-
uringpoint/;, l

water icvcu, jui' * . >*~~
Mean sea

Depth u> lcvcl

water elevation
/111 (I')number i j •/ '.' _: ——

3N10W-(Continued)
26.7d 411 .2 10.21
26 8e 411.1 10.16
26 8h 411.8 10.80
35.6f 401.8 0.97
35.6h 404.6 4.19
36.5h 414 .25 13 .29

STC—
2N8W-

6. Id
6.8d
7.2H2

2N9W-
2.4e
•3 ArtO.4b
3.8a
7.5e
7.6c

l l .Th
12.5d
13.6c
14.5c
15.3b
15.7a
17.2d
17.8f
18.3a
19.8c
21 .7h
23.4a
24.6c
26 .7 f
26.8f
27.8g
28.4g
30.6d
32.2c
34.4h
1 .2h
I.Sal

1 9 QpJ. ̂ . .O*-
12. 7g
23.4c
23. 6f

425
429.27
430

418.5
422
424
420
420
419
420
421.70
425
413
420
415
417.21
416.5
418 .78
410
423.86
428
424. 18
421 .39
415
409
415
408
417
412
418.4
418 .54
410
399.72
4 15 .7

17.20
15.00
22.63

6.85
15.44
23.01
33.60
34.03
11 .85

7.88
12.00
18.38

8.16
18.32
17.60
24. 12
22.60
31.24
15.18
10.98
16.42
15.24
12.78

9.44
1.55

25.53
12.28
12.06
20.15
31.0
29.62
23.91
19.94
23.49

400.98
400.94
401.00
400.80
399.60
400.96

407.80
414 .27
407.37

411 .65
406.56
400.99
386.40
385.97
407.15
412.12
409.70
406.62
404.84
401.68
397.40
393.09
393.90
387.54
394.82
412.88
411.58
408.94
408.61
405.56
407.45
389.47
395.72
404.94
391.85
387.40
388.92
386.09
379.78
392.21

Water level(IH
From

June 1961to
Tune 1962

+1.24
+ 1.53
+1.57
+4.21
+ 1.02
+3.16

- 1 -2 .02
+ 1.00

+0.95
+0.56
+1.98
+ 2.98
+ 5.37
-1.71
+0.76
+1.00
+3.17
4-3.21
+2.13
+1.76
+2.43
+2.89

+2.38
—1.98
—0.89
—0.07
—0.01
+2.15
+0.88
+0.73
—0.02
+2.42

+ 2.53
-1.06
+1.25
+3.30

changes

From No-
vember 1961toJune 19G2

+ 1.60
+1.81
+1.76
+5.22

+3.81

+4.28
+7.00
+ 5.72

i O f\K+3.05
+3.25
+2.67
+2.56

+3.53
+4.66
+4.33
+3.39
+4.74
+2.97
+0.88
+1.37
+1.41
+0.81
+ 2.14
+4.87
+4.14

1 O Q£+ 2.OO
+2.84
+2.36
+ 1.94
+2.58
+2.18
+3.38

+ 6.92
+2.41
4-1 .43
+5.37

Water levels.
Elevationof meas-uring Ucpi l i to

Well point water
numbtr _jW__ ..J.ILL-

2N9W-(Continued)
23.6g 397.5
23.7a 406.5
23.7b 408.2
26.1gl 411 .37
26.1g2 41 1 .24
26.2e 413.70
26.3g 411.80
26.5h 408.76
27.2hl
33.2f
34.7c
34.8b

1N9W-
4.5e
6.2a

1N10W-
4.1g
d 9f>1 ,^cr
4.3b
A "Jp1.OC
4.7b
8 OU.ZI1
o cno.ijC
8.7a
9. If
9 2h
9.4h

lO.lc
10.4c
12. 5b
13. 3h
16.2g
17. le
19.6f
21. la
21.4f
28.6a
30.6h
32. 3e

MON—
1N10W-

30.8b
31. 4d

415.65
409.35
399.1
398.0

411
416

399.0
396.4
398.6
397.7
409.4
407.8
405.1
406.3
403.63
404.55
409.9
403.29
402.24
401 .74
402.25
411.5
400
406.4
410
412.01
405
405.3
4 14

408.1
407

4.04
24.59
20.63
72.50
65.50
61.67
55.33
34.30
62.25
13.11

5.25
3.58

8.49
18.43

3.99
1.04
2.95
2.27

12.85
11.11

8.27
9.89
5.65
6.94

13.93
5. 14
4.23
3.09
3.43

10.96
3.75

10.21
13.63
13.85

9.54
9.30

18.81

12.01
10 .55

June 1%2

Mean sea
level

elevaliun
__l/ii_

393.46
381.91
387.57
338.87
345.74
352.03
356.47
374.46
353.40
396.24
393.85
394.42

402.51
397.57

395.01
395.36
395.65
395.43
396.55
396.69
396.83
396.41
397.98
397.61
395.97
398.15
398.01
398.65
398.82
400.54
396.25
396.19
396.37
398.16
395.46
396.00
395.91

396.01
396.45

Water level change!
tit)

From From No-June 1961 vembtr 1961lo to
June 1962 _J_un^l*?_.

+3.63
+0.89
+0.84
+2.50

+ 1.22
—9.85
+2.94
+0.14
—0.08

+0.84
—0.39

—0.49
—0.34
—0.17
+0.50
+0.95
+0.72
—0.27
—0.23
+0.84
+0.52
+ 0.78
+0.94
+0.82
—0.23
—0.32
+2.66
—0.71
—1.03
+0.68

+0.38
— O.99
+4.19

—0.85
+1.14

+1.37
+0.72
+1.97

—1.90
—0.83

+0.15

+2.34
+2.52
+2.60

+3.42
+2.20

+2.15
+1.76
+1.08
+1.10
+2.47
+2.76
+ 3.64
+2.00
+1.97
+1.68
+1.83
+ 1.94
+1.89
+0.95
+0.68
+3.26
+3.67
+2.52
—3.38
+2.92
-^2.93
+2.54
+5.10

+•2.34
+3.30

pumping centers and exceeded 30 feet per mile within
the Monsanto cone of depression. Gradients averaged
about 10 feet per mile within the Alton, Granite City,
National City, and Wood River cones of depression.

Along Canteen Creek and Cahokia Canal east of
Horseshoe Lake, Long Lake, and Grand Marais State
Park Lake the piezometric surface was higher than the
surface-water elevation and ground water was discharged
into these streams and lakes. Below the confluence of
Canteen Creek and Cahokia Canal south of Horseshoe
Lake the piezometric surface was lower than surface-
water elevations of Cahokia Canal at places where wa-

ter levels have declined as the result of heavy pumping.
Surface water in the Cahokia Diversion Channel south of
the Wood River is kept above the piezometric surface at
an elevation of 413 feet by a low water dam near the
outlet of the channel. Surface-water levels are also con-
trolled in Chain of Rocks Canal by Lock No. 27 near
Granite City and were higher than the piezometric sur-
face adjacent to the canal. The piezometric surface in
the vicinity of Wood River near Alton and Prairie Du
Pont Creek south of Monsanto was slightly higher than
the surface-water elevations of the streams. At the
lower end of Horseshoe L^ake north of National City,
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ground-water levels were lower than the surface-water
elevation of the lake.

South of Prairie Du Pont Creek ground water nor-
mally flows toward the Mississippi River. Ground water
flows from the vicinity of Long Lake northwest towards
the Mississippi River between the northern end of Chain
of Rocks Canal and the outlet of the Cahokia Diversion
Channel. Ground water flows toward the Mississippi
River along the western half of Chouteau Island.

Table 24. Late and Stream Elevations

Gage
number

Location
of gage

Highway bridge 2, NW
cor, sec 14, T4N, R9W

Highway bridge 3, NE
cor, sec 14, T4N, R9W

Highway bridge 4, SE
cor, sec 12, T4N, R9W

Elevation of
measuring point
(ft above msl)

440.42

441.38

442.95

409.80

418.04

State Rte 3 bridge, SW
cor, sec 5, T2N, R9W

Sand Prairie Road bridge,
Canteen Creek, near
center sec 35, T3N, R9W

Sand Prairie Road bridge, 418.55
NW cor, sec 35,
T3N, R9W

Hadley bridge, NW cor, 416.40
sec 19, T3N, R8W

Black Lane bridge, 420.80
Canteen Creek, near
center sec 36, T3N, R9W

Horseshoe Lake Control 403.71
Works, NW cor, sec 34,
T3N, R9W

Chain of Rocks Canal
(upper), SW cor, sec 14, (Surface
T3N, R10W water

Chain of Rocks Canal elevations
(lower), NW cor, sec 23, reported)
T3N, R10W

Water-mrface
elevationJune 6, 1962

(ft about tnsi)

414.03

414.09

414.22

396.43

400.89

400.33

404.19

402.10

403.64

407.90

401.08

Table 25. Mississippi River Stages, June 1962

Gage description
Muamippi Rivermile number

Figure 53. Approx imate •Uvation of pieiomttric iurf*c«,
Jun. 1 9 6 1

Lock and Dam No. 26
Alton, HI. (lower) 202.7

Hartford, 111. 196.8
Chain of Rocks, Mo., pool 190.4

Tailwater 190.3
Bissell Point, Mo. 183.3
St. Louis, Mo. 179.6
Engineer Depot, Mo. 176.8

VYaier-nirUce
elevationJune 8, 1962(ft above mst)

410.6
409.4
4055
404.5
401.4
399.8
398.4

D I R E C T R E C H A R G E T O A Q U I F E R
Only a part of the annual precipitation reaches the

water table. A large part of the precipitation runs over-
land to streams or is discharged by the process of
evapotranspiration before it reaches the aquifer. The
amount of precipitation that reaches the zone of satura-
tion depends upon several factors. Among these are the

character of the soil and other materials above the wa-
ter table; the topography; vegetal cover; land use; soil
moisture; the depth to the water table; the intensity
duration, and seasonal distribution of rainfall; the oc-
currence of precipitation as rain or snow; and the air
temperature.
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t>
3Dm

>

OS
0
30
O
l/l
t/1
1/1rrio-1

Oz

•n
O

r~
^zr*\

m 2^
X L^
•D -1

I—
t> 0

& 5
-1 D
O
2 0

O

o *

^
I>
O
LO
Oz
op1

J_ _ _ _ _ _ _
z *> ->



Generally ground-water recharge in the East St.
Louis area is greatest in spring and early summer
months of heavy rainfall and least in the late summer,
fall, and winter months. Most recharge occurs during
spring months when evapotranspiration is small and
soil moisture is maintained at or above field capacity by
frequent rains. During summer and fall months evapo-
transpiration and soil moisture requirements have first
priority on precipitation and are so great that little pre-
cipitation percolates to the water table except during
periods of excessive rainfall.

Recharge directly from precipitation was estimated
by flow-net analyses of the piezometric surface in the
vicinity of the Wood River, Granite City, National City,
and Monsanto area pumping centers. The quantity of
water percolating through a given cross section of an
aquifer is proportional to the hydraulic gradient (slope
of the piezometric surface) and the coefficient of trans-
missibility, and it can be computed by using the follow-
ing modified form of the Darcy equation (see Ferris,
1959).

Q = TIL (10)
where:

Q = discharge through flow cross section, in gpd
T = coefficient of transmissibility, in gpd/f t
7 = hydraulic gradient, in ft/mi
L = width of flow cross section, in mi

The rate of recharge directly from precipitation can be
estimated on the basis of the difference in discharge of
water through successive flow cross sections with the
foDowing equation (Walton, 1962) :

R = (11)
where :

R = rate of recharge, in gpd/sq mi
Q, — Ql = difference in discharge of water through

successive flow cross sections, in gpd
Ah, = average rate of water-level decline or rise

within area between successive flow cross
sections, in fpd

A i = surface area between successive flow cross
sections, in sq mi

S — coefficient of storage of aquifer, fraction

The + sign is used when there is a water-level rise and
the — sign is used when there is a water-level decline.

Flow lines were drawn at right angles to the esti-
} mated piezometric surface contours for December 1956,
June 1961, and June 1962 toward cones of depression
in the Wood River, Granite City, National City, and

Monsanto areas to delimit the flow channels in figures
52 through 54. The locations of flow channels were so
chosen that recharge rates under all types of geologic,
hydrologic, and land use conditions could be studied.
The discharges through cross sections A—A', B—B',
C—C', D—D', E—E', F—F', G—G', and H—H' were
computed using equation 10 and figures 25 and 52
through 54. Differences in discharge of water through
successive flow cross sections were determined. Average
rates of water-level declines or rises within flow channel
areas were estimated from hydrographs of observation
wells. Surface areas of flow channels were obtained
from figures 52 through 54. The average coefficient of
storage of the coarser deposits was estimated to be 0.20
on the basis of aquifer-test data, and the average coe-
fficient of storage of the finer grained alluvium was esti-
mated to be 0.10 on the basis of studies by Schicht and
Walton (1961). The data mentioned above were substi-
tuted in equation 11, and recharge rates for each flow
channel area were computed.

Recharge rates vary from 299,000 gpd/sq mi in the
National City area to 475,000 gpd/sq mi in the Wood
River area. The average rate of recharge in the East St.
Louis area is 371,000 gpd/sq mi. The East St. Louis area
covers about 175 square miles. It is estimated that total
recharge directly from precipitation to the East St.
Louis area averages about 65 mgd.

The subsurface flow of water from the bluff was
estimated by studying the movement of water through
flow channels near the foot of the bluff. Flow lines were
drawn at right angles to the bluff and the estimated
piezometric surface contours for June 1961 and June
1962 to delimit the flow channels shown in figures 53 and
54. The discharge through cross sections I—I', J—J',
and K—K' were computed using equation 10 and figures
25, 53, and 54. Average rates of water-level declines or
rises within flow channel areas were estimated from
hydrographs of observation wells. The average rates of
changes in storage within flow channel areas were com-
puted as the products of water-level changes, storage co-
efficients, and flow channel areas. Recharge directly from
precipitation within flow channel areas was estimated as
the products of the average recharge rate (371,000
gpd/sq mi) and flow channel areas. Recharge and
changes in storage within flow channel areas were sub-
tracted from the discharges through cross sections I—I',
J—J', and K—K' to compute rates of subsurface flow of
water from the bluff. The average rate of subsurface flow
of water from the bluff is 329,000 gpd/mi. The length of
the bluff forming the eastern boundary of the East St.
Louis area is 39 miles. Thus, the total rate of subsurface
flow of water from the bluffs is about 12.8 mgd.
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R E C H A R G E F R O M I N D U C E D I N F I L T R A T I O N

The lowering of water levels in the Alton, Wood.
River, National City, and Monsanto areas that has ac-
companied withdrawals of ground water in these areas
has established hydraulic gradients from the Mississippi
River towards these pumping centers. In addition, lower-
ing of water levels in the Granite City area has estab-
lished a hydraulic gradient from the Chain of Rocks
Canal towards the Granite City pumping center. Thus,
ground-water levels are below the surface-of the river
and canal at places, and appreciable quantities of water
percolate through the beds of the river and canal into
the aquifer by the process of induced infiltration.

The volume of water percolating through the beds of
the river and canal into the aquifer during 1961 was es-
timated by subtracting the volume of water recharged
to the aquifer within areas of diversion directly from pre-
cipitation and subsurface flow from the bluff from the
total volume of water pumped. In 1961 cones of depres-
sion were relatively stable and changes in storage with-
in the aquifer during the year were very small. As shown
in table 26 about 48 .2 mgd or 50.0 percent of the total

Table 26. Recharge by Source During 1 9 6 1

pumpage (96.8 mgd) was derived from induced in-
filtration of surface water in the Mississ ippi River. The
piezometric surface map in figure 54 was used to de-
limit areas of diversion and lengths of bluff within areas
of diversion. Recharge directly from precipitation was

* est imated as the products of areas of diversion and the
^average recharge rate (371 ,000 gpd/sq mi) . Subsurface
flow from the bluff was estimated as the products of
lengths of bluff within areas of diversion and the aver-
age rate of subsurface flow (329.000 gpd/mi).

The amount of induced infiltration is dependent
largely upon the infiltration rate of Ihe river bed, the
river-bed area of infiltration, the position of-the water
table, and the hydraulic properties of the aquifer. —

Infiltration Rates of River Bed . . . _

The infiltration rate of the Mississippi River bed was
determined with aquifer-test data. Methods of analysis
of aquifer-test data affected by stream recharge were
described by Rorabaugh ( 1956) , and Hantush ( 1959) . In
addition, VValton ( 1963) introduced a method-for deter-
mining the infiltration rate of a stream bed by aquifer-
test analysis.

If the hydraulic properties of the aquifer and the
distance a are known, the percentage of-pumped water be-
ing diverted from a stream can be computed with the
following equation derived by Theis ( 1941) :

Pr =• 2/•4*72-
exp (—/ sec2 u) du ( 12 )

where:

Tumping
center

Alton area
Wood River

area
Poag area
Granite City

area
Troy area
National City

area
Fairmont

City area
Caseyville

area
Glen Carbon

area
Tvlnnsanto

area
Total

Total
pumpage

1 "ild)

12.30

24.30
1.20

S.80
0.40

10.80

4.40

2 .40

0.30

31.90
96.80

Length
of bluff
within
area nf
diversion

(mi)

3.4

7.9
nog

0
nee
0

0
2 .9

npp

2.3

Kccl iargcfrombluff"
(mgJ)

1.12

2.60
nog
0
nog

0
0

0.95

neg

0.76
5.43

Area of
diversion
( i f } mi)

2,7

19.5
3.2

20.6
- 1 , 1

18.7

n.s
3.9

0.8
34.0

Krcharge
from

precipi-
tat ion
t "1 erf 1

1.00

7.24
1.20

7.65
0.40

6.94

4 . 4 0

1 . 44

0.30

12.61
43 . 18

Recharge
by

induced
Infil-

tration
(mill)

10.18

14.46
0

1 . 15
0

3.86

0

0

0

18.53
48. 18

V.
f

Pr

T
S
a

t
r\

Figui
show
diver
indue
tion:

wher
0.

tan'1 C",./a)
1.87a2Sm
percentage of pumped water being diverted from
the stream
coefficient of transmissibility, in gpd/ft
coefficient of storage, fraction
distance from pumped well to recharge boundary,
in ft
time after pumping started, in days
distance along recharge boundary measured from
the perpendicular joining the real "and image
wells, in ft

Figure 55 gives values of P, for various values of / and
shows, therefore, the percentage of pumped water being
diverted from the stream. The amount of recharge by
induced infiltration is then given by the following equa-

QPr/100 ( 13 )

Qr — amount of induced infiltration, in gpm
Q = discharge of pumped well, in gpm
Values of drawdown at several points within the

stream bed equidistant upstream and downstream from
the pumped well and between the line of recharge and
the river's edge are computed, taking into consideration
the effects of the image well associated with the line of
recharge and the pumped well, with the following equa-
tions:

( 14 )
/T (15)



(16)
Uy = 2693VS/Tt ( 17)
Uj = 2693ri«S/Tf (18)

where:
« = drawdown at observation point, in ft

Sj, = drawdown due to pumped well, in ft
»i = buildup due to image well, in ft
Q — discharge of pumped well, in gpm
T — coefficient of transmissibility, in gpd/ft
S = coefficient of storage, fraction
rp = distance from observation point to pumped well,

in ftr\ = distance from observation point to image well, in
ft

t = time after pumping started, in min
The reach of the streambed, Lr! within the area of in-
fluence of pumping is determined by noting the location
of the points upstream and downstream where draw-
down is negligible (say <; 0.01). The area of induced in-
filtration, Af, is then the product of Lr and the averagedistance between the river's edge and the recharge
boundary.

The infiltration rate of the stream bed per unit area
can be computed with the following equation:

/„ = 6.3X10'<?r/4r (19)
where:

/„ = average infiltration rate of stream bed, in gal-
lons per day per acre (gpd/acre)

Qr = amount of induced infiltration, in gpm
A, = stream bed area of infiltration, in sq ft
Rough approximations of the average head loss, sr,due to the vertical percolation of water through the

stream bed can be determined by averaging drawdowns
computed at many points within the area of infiltration.
Values of drawdown within the stream-bed area of in-
filtration are computed, taking into consideration the
pumped well and the image well associated with in-
duced infiltration, with equations 14 through 18.

The average infiltration rate of the stream bed per
unit area per foot of head loss can be estimated by use of
the following equation:

J»=V»r (20)
where:

!>, = average infiltration rate of stream bed, in gallons
per day per acre of stream bed per foot of head
loss (gpd/acre/ft)

/„ = average infiltration rate of stream bed, in gpd/
acresr = average head loss within the stream bed area of
infiltration, in ft

The infiltration rate of the Mississippi River bed at
three sites was determined from aquifer-test data. The
sites are just south of the confluence of Wood River and
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Figure 55. Graph ihowing trie re lat ion if i ip between percen t of
pumped water be ing diverted from i ttream and the factor lf

the Mississippi River, west of Wood River, and west of
Monsanto. A summary of the results of aquifer tests
and computed infiltration rates are given in table 27. The
infiltration rate near the confluence of Wood River and
the Mississippi River at a river temperature of 33F was
estimated to be 305,000 gpd/acre/ft; the infiltration rate
west of the city of Wood River was estimated to be
36,300 gpd/acre/ft; and the infiltration rate west of
Monsanto at a river temperature of 83F was estimated
to be 91,200 gpd/acre/ft.

Infiltration rates per foot of head loss vary with the
temperature of the river water. Average monthly Infiltra-



Table 27. ResuHs of Aquifer Tests Affected by Induced Infiltration
Hydraulic properties

Owner

Olin Mathieson
Chemical
Corp.
Shell Oil Co.

Monsanto
Chemical
Corp.

Location

Madison Cty.
T5N, R9W
sec 19
Madison Cty.
T5N, R9W
sec 33
St. Clair Cty.
T2N, R10W
sec 27

May
Jun

Feb
Mar

Aug

Date oftest

29-
1 , 1956;

13-17, 1959
3-6, 1952

4-8, 1952

Duration
of test(daytj

3
4

3

4

Pumping
rate

760
7000

510

1100

T
(tpJ/ft)

100,000

190,000

210,000

P
dpJ/t<i It)

1100

1900

2800

S

0.1

0.002

0.08

, , ( g f d / a c r c )

418,000

9,800

15,500

Sr '/,
til) (gfd/ac'c /ll)

1 .37 305,000

0.27 36,300

0.17 91,200

Kiver
tempera-

ture

33

38

83

tion rates (tables 28 and 29) were computed on the basis
of average monthly river temperatures, figure 56, and
the following equation:

/, = 'rWM,) (21)
where:

/, = average infiltration rate of river bed for a par-
ticular surface water temperature, in gpd/acre/ft

Ih = average infiltration rate of river bed determined
from aquifer-test results, in gpd/acre/ft

MCI = coefficient of viscosity at temperature of surface
water during aquifer test, in centimeter-gram-
seconds (cgs) units

/* < , = coefficient of viscosity at a particular temperature
of surface water, in cgs units

Table 28. Average Monthly Infiltration Rates of
Mississ ippi River Bed near Alton and Wood River

Infiltration rate of river bed
Average river
temperature at
Alton 1940-1949 West of

Month f'F) Wood River

January
February
March
April
May-
June
July
August
September
October
November
December

34
34
41
54
64
74
81
82
75
63
50
3S

33,800
33,800
38,500
47,600
54,600
63,100
69,200
70,000
63,700
54,600
44,600
36,300

Near confluence of
Wood andMississippi Rivers

308,000
308,000
350,000
436,000
497,000
574,000
636,000
643,000
571,000
493,000
406,000
330,000

River-Bed Areas of Infiltration to Well Fields
Four well fields in the East St. Louis area are lo-

cated close to the Mississippi River and derive most of
their recharge from the induced infiltration of surface
water. The well fields are south of Alton in the Duck
Lake area, near the confluence of the Wood River andL the Mississippi River, west of Wood River, and west of
Monsanto as shown in figure 57.

One well field consisting of a collector well and two
artificial pack wells is owned by the Shell Oil Refinery

and is located about 100 feet east of the Mississippi
River west of Wood River in sec 33, T5N, R9W. The de-
sign capacity of the well field is 5000 gpm or 7.2 mgd.

The position of the recharge boundary and the area
of infiltration for the design capacity were determined
by the process of trial and error. Several positions of
the recharge boundary were assumed, and drawdown

Table 29. Average Monthly Infiltration Rates of
Mississippi River Bed near Monsanto

k, .»0o

Month
January
February
March
April
May
June
July-
August
September
October
November
December

Average river
temperature atEait St. Louii 1940-1949

38
38
43
55
66
76
82
83
77
65
53
41

Infiltration rateof river bed
'

47,600
47,600
49,500
62,200
71,500
83,100
90,100
91,200
84,000
72,000
61,400
49,300

60 70
T E M P E R A T U R E IN

Figure 56. Gf jph showing re la t i on sh ip between coefficient of
v i s c o s i t y a n d t emp e r a t u r e
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Figure 57. E s t im a t e d depths o f Mi s s i s s i p p i R i v e r a nd l o c a t i o n s
of we l l fields n e a r r iver

beneath the river bed and the river-bed areas of infiltra-
tion were computed with equations 14 through 18. Values
of .Rj were then computed with equation 22 keeping in
mind that sr is either the average head loss within the
river-bed area of infiltration or the average depth of wa-
ter in the river, depending upon the drawdown beneath
the river bed.

R> = l,srAr (22)
where:

Ri = potential recharge by induced infiltration, in gpd
7, = average infiltration rate of river bed for a par-

ticular surface water temperature, in gpd/acre/ft
sr = average head loss within river bed area of infil-

tration or average depth of water in river for a
particular river stage, depending upon the posi-
tion of the water table, in ft

Ar = river bed area of infiltration, in acres
The position of the recharge boundary and the river-bed
area of infiltration which resulted in R{ balancing thedesign capacity were judged to be correct. The recharge
boundary for the design capacity is located at a distance

of 900 feet from the well field and the river-bed area of
infiltration is 175 acres, as shown in figure 58.

The results of an aquifer test, made at a low pumping
rate at the site of the well field, indicated a distance of
500 feet from the well field to the recharge boundary.
Thus, the aquifer test at a low pumping rate indicated
a certain position of the recharge boundary and a river-
bed area of infiltration which were not valid for a higher
pumping rate. At higher pumping rates water is with-
drawn at a rate in excess of the ability of the river-bed
to transmit it, and as a result the water table declines
below portions of the river-bed. In such a case the re-
charge boundary moves away from the pumped wells as
maximum infiltration occurs in the reach of the river in
the immediate vicinity of the well field, the cone of de-
pression spreads upstream and downstream, and the
river-bed area of infiltration increases. Drawdowns in
wells at higher pumping rates based on the position of
the recharge boundary as determined from the aquifer-
test data are much less than drawdowns based on the
position of the recharge boundary as determined by trial
and error with equation 22. Thus, the position of the re-
charge boundary determined from aquifer-test data can-
not always be used to compute the potential yield of well
fields that depend primarily upon induced infiltration of
surface water as a source of recharge.

POSITION OF RECHARGE
BOUNOAR-r DETERMINED
FROM A O U I F E R - T E S T
DATA

r
POSITION OF RECHARGE
BOUNOART DETERMINED , :FOR 5000 )pm
PUMPING RATE

E X P L A N A T I O N
R lVER-BEO AREA OF

1\ INF I LTRAT ION FOR
J 5000 «pm PUMPING

RATE

• FtlYtfl Ifftt. N'l
• RIVER HELL N'i
•COLLECTOR WELL

SCALE IN THOUSANDSor F E E T
O I J 3

F i g u r e 58 . R i v e r - b e d a r e a o f i n f i l t r a t i on f o r
She l l Oil Ref inery wel l field



Potential recharge by the induced infiltration of sur-
face water can be estimated on the basis of the infiltra-
l ion rates in table 30, river depth records, water-level

' data, and river temperature data. Infiltration is directly
proportional to the drawdown immediately below the
stream bed and is at a maximum when the water table is
immediately below the river bed. Under maximum infil-
tration condit ions the average head loss within the
river-bed area of infiltration is the average depth of wa-
ler in the river for a particular river stage. Provided the
water table remains belo^
amounts of induced infiltr;
dry periods when streamflo\ -
surface water are low. Prof ~" T- '-
be used to determine the a^
river. Potential recharge bj \ , ^^V t>determined by substituting \_

Table 30. Inf i l trat ion Rates of Stream Beds Determined
from Aquifer-Test Data in I l l inois, Ind iana , and Ohio

Location of
aquifer-test site

Infiltration Surface waterrate teaiperaiurc
Infiltration

rale at40 F

Along Mad River about
4 miles northwest of

.,, Springfield, Ohio*
Along Miami River 14
miles northwest of
Cincinnat i , Ohio*

Along White River imme-
diately upstream from
the confluence of White
River and Killbuck Creek
at Anderson, Indiana*

Along Sandy Creek
12 miles south of
Canton, Ohio*

Along White River 1 mile
west of Anderson, In-
diana, 'i mile below
sewage treatment plant *

Along Mississ ippi River
near confluence of
Wood River and Miss i s -
s ippi River above con-
fluence of Miss i ss ipp i
and Missouri Rivers

Alon^ Miss i s s ipp i River
west of the city of \Vix>f!
Riv e r above confluence
of Miss i s s ipp i and
Missouri Rivers

Along Miss i s s ipp i R i\ c r
- west of Monsanto below
' conf luence of Mis s i s s i pp i
ur id Mi s sour i River s

'All,, Wallun 1196'J)

1,000,000

168,000

2 16 .000

720,000

M.800

69

1 ,0 10 ,000

9 1 . 1 00

275,001 1

4 14 ,000

43 ,6 ( 10

3or>.rum . '544.000

4«.3uO

The average depth of wa t e r in ihe Miss i ss ipp i River
between the Illinois shore and a line 500 feet offshore was
est imated from Mississippi River soundings made by
the U.S. Corps of Engineers and low river stages during
1956 and 1957. The average depth of water exceeds 10
feet in places where the navigation channel is near the
Illinois side, in the vicinity of Alton and Wood River,
and along a small reach of the river near East St. Louis.
The depth of water in the Chain of Rocks Canal is de-
signed to be 10 feel or greater at low river stages.
Estimated average depths of water in the river at low
river stages are shown in figure 57.

A summary of the infiltration rates computed with
aquifer-test data for the East St. Louis area is given
in table 30. Infiltration rates of stream beds in Ohio and
Indiana (Walton, 1963) are also listed. Infiltration rates
in table 30 were adjusted to a river temperature of 40F.
A comparison of the adjusted infiltration rates with in-
filtration rate data for slow and rapid sand filters (Fair
and Geyer, 1954) indicates that all stream bed infiltra-
tion rates fall into the clogged slow sand filter category.

The least permeable reach of river bed in the East
St. Louis area is west of Wood River above the con-
fluence of the Mississippi and Missouri Rivers. The infil-
tration rate along this reach and the infiltration rate
of the reach of river bed west of Monsanto below the
confluence of the Mississippi and Missouri Rivers are
low and in the same range as the infiltration rate for
the White River west of Anderson, Indiana, below a
sewage treatment plant. Walton ( 1963) stales that the
infiltration rate of the While River site is probably low
largely because of the clogging effects of sewage.

The highest infiltration rate in the East St. Louis
area was computed for the reach of river bed near the
confluence of the Wood and Mississippi Rivers above the
confluence of the Mississippi and Missouri Rivers. The
Missouri River generally carries a greater sediment
load than the Mississippi River; thus it would be ex-
pected that the average infiltration rate above the Mis-
souri River would be greater than the average infi ltra-
tion rate below it.

The infiltration rale of the Mississippi River bed
west of the c i ty of Wood River ranges from 33.800
gpd/acre/ft at an average river temperature of 34F in
January and February to 70,000 gpd acre/ft in August
when Ihe average river temperature is 82F. The infi ltra-
tion rate of the river bed near the confluence of the
Wood and the Mississ ippi Rivers ranges from 308,000
gpd/acre/ft in January and February to 643,000
gpd/acre/ft in Augus t . West nf Monsanto the infi ltra-
tion rate of Ihe river bed var ies from 47,600 gpd/acre/ft
at an average river temperature of 3!SF in January and
February to 91 .200 izpd ;KTP -f i ; i i ;m ; iver; ige river
temperature nf 83F in Au ^ u s i .



E L E C T R I C A N A L O G C O M P U T E R

An electric analog computer (see Walton and
Prickett, 1963) for the East St. Louis area was con-
structed so that the consequences of further develop-
ment of the aquifer could be forecast, the practical sus-
tained yield of existing pumping centers could be eval-
uated, and the potential yield of the aquifer with a
selected scheme of development could be appraised. The
electric analog computer consists of an analog model
and excitation-response apparatus, i.e., waveform gener-
ator, pulse generator, and oscilloscope.

The analog model is a regular array of resistors and
capacitors and is a scaled down version of the aquifer.
Resistors are inversely proportional to the coefficients
of transmissibility of the aquifer, and capacitors store
electrostatic energy in a manner analogous to the stor-
age of water in the aquifer. Hydrogeologic maps and
data presented earlier in this report describing the fol-
lowing factors were used in constructing the analog
model: 1) coefficient of transmissibility of the aquifer,
2) coefficient of storage of the aquifer, 3) areal extent
of the aquifer, 4) saturated thickness of the aquifer, and
5) location, extent, and nature of aquifer boundaries.
All nonhomogeneous and irregular hydrogeologic con-
ditions were incorporated in the analog model.

Questions pertaining to the utilization of ground-
water resources of the East St. Louis area require that
pumping be related to water-level change with reference
to time and space. Changes in water levels due to the
withdrawal of water from the aquifer must be deter-
mined. Excitation-response apparatus force electric
energy in the proper time phase into the analog model
and measure energy levels within the energy-dissipative
resistor-capacitor network. Oscilloscope traces, i.e., time-
voltage graphs, are analogous to time-drawdown graphs
that would result after a step function-type change in
withdrawal of water. A catalog of time-voltage graphs
provides data for construction of a series of water-level
change maps. Thus, the electric analog computer pro-
vides a means of relating cause and effect relationships
for the aquifer. A schematic diagram of the electric ana-
log computer is shown in figure 59.

Analog Model

The analog model for simulating the aquifer in the
East St. Louis area was patterned after analog models
developed by H. E. Skibitzke, mathematician, U.S. Geo-
logical Survey, Phoenix, Arizona. The analog model con-
sists of a regular array of 2800 resistors and 1350 capaci-
tors. The analog model was constructed with a piece of
1/8-inch pegboard perforated with holes on a 1-inch
square pattern approximately 2x5 feet corresponding
to the dimensions of the topographic map of the area

(7.5 minute quadrangle maps). Aluminum angles ( 1x 1
inch) were attached along the four edges of the peg-
board with metal screws to enable setting the model on
a table or against a wall without disturbing capacitors of
the analog model installed on the underneath side of
the pegboard. Coefficient of transmissibility contours
were transferred from figure 25 to topographic maps of
the area which were in turn pasted on the pegboard. No.
3 brass laquered shoe eyelets were inserted in the holes
of the pegboard to provide terminals for resistors and
capacitors. Four resistors and a capacitor were con-
nected to each interior terminal; the capacitor was se-
cured to a ground wire connection of the electrical sys-
tem. Two or three resistors and a capacitor were con-
nected to boundary terminals, depending upon the
geometry of the boundary. The model is bounded on
the west by a recharge boundary, the Mississippi River
and the Chain of Rocks Canal; the portion of the net-
work along the recharge boundary was terminated in a
short circuit. The recharge boundary of the network
was adjusted in a step fashion to approximate the actual
boundary of the aquifer. The model is bounded on the
north, east, and southeast, by bluffs through which there
is a small amount of subsurface flow. Resistors large in
magnitude which simulate small amounts of subsurface
flow through the bluff were connected to terminals along
the north, east, and southeast boundaries of the analog
model and to the ground connection of the electrical sys-
tem. The model was terminated south of Dupo. A
termination strip was constructed to extend the aquifer
5 miles south of Dupo (see Karplus, 1958).

Because the aquifer is a continuous phenomena while
the resistor-capacitor network consists of many dis-
crete branches, the network is only an approximation of
a true analog. However, it can be shown mathematically
that if the mesh size of the network is small in com-
parison with the size of the aquifer, the behavior of
the network describes very closely the response of the
aquifer to pumping.

EXClUTlOtl - RESPONSE APP*R*tuS

Figure 59. Sch ema t i c d i a g r am of electric ana log computer
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The model was developed on the premise that ground-
water flow in the East St. Louis area is two-dimensional.
The finite-difference form of the partial differential equa-
tion (Jacob, 1950) governing the nonsteady state two-
dimensional flow of ground-water is (see Stallman,
1956) :

(23)= a2 S
where:

7i, = head at node 1 (see figure 60A; the aquifer is
subdivided into small squares of equal area, the
intersections of grid lines are called nodes); 7i,- (i =
2, 3, 4, and 5) = heads at nodes 2 to 5; a = width
of grid interval; T = coefficient of transmissibility;
and S = coefficient of storage.

Figure 60. Fin i te-d i fference grid ( A ) , re i i i tor-capac i tor n e t ( B ) ,
and pumping rate osc i l lo icope trace (C)

Consider a resistor-capacitor network with a square
pattern as shown in figure 60A and network junctions at
nodes as defined in figure 60B. The junctions consist of
four resistors of equal value and one capacitor con-
nected to a common terminal; the capacitor is also
connected to ground. The relation of electrical poten-
tials in the vicinity of the junction, according to Kirch-
hoff's current law, can be expressed by the following
equation (see Millman and Seely, 1941; and Skibitskc.
1961) :

1/R (Z° V { — 4V,) = C (3V/90 (24)
where :

V,_, = electrical potential at ends of resistors; R^.D =

resistance; and C = capacitance; V4 (i = 2, 3, 4, and
5) = electrical potential at ends of resistors A-D.
Comparison of equations 23 and 24 shows that the

finite-difference equation governing the nonsteady state
two-dimensional flow of ground water in an infinite
aquifer is of the same form as the equation governing
the flow of electrical current in a resistor-capacitor net-
work. For every term in equation 23 there is a corres-
ponding term of the same order of differentiation in
equation 24.

The analogy between electrical and aquifer systems
is apparent. The hydraulic heads, h, are analogous to
electrical potentials, V. The coefficient of transmissibility,
T, is analogous to the reciprocal of the electrical resist-
ance, 1/R. The product of the coefficient of storage, S,
and a- is analogous to the electrical capacitance, C.

Continuing the comparison, water moves in an aquifer
just as charges move in an electrical circuit. The quan-
tity of water is reckoned in gallons while the charge is
in coulombs. The rate of flow of water past any point in
the aquifer is expressed in gallons per day while the flow
of electricity is in coulombs per second or amperes. The
hydraulic head loss between two points in an aquifer is
expressed in feet while the potential drop across a part
of the electrical circuit is in volts.

Thus, there are four units which are analogous;
there is necessarily a scale factor connecting each unit in
one system to the analogous unit in the other system.
Knowing the four scale factors the hydrologist is able to
relate electrical units associated with the analog model to
hydraulic units associated with an aquifer. The four
scale factors, K^ K2, Ka, and Kt, were defined by Bermes
(1960) as follows:

Q = K^ (25)
h = K,V (26)
Q = K,I (27)
id = K4t. (28)

where:
q = gallons; n = coulombs; Q — gallons per day;
; = amperes; h = feet; V — volts; td = days; t, =
seconds; Kl = gal/coulomb; K, = feet/volt; K, = gal/
day/ampere; and Kt — days/sec.
The relation between scale factors Klt Kt, and Kt isexpressed by the following equation (Bermes, 1960) :

The analogy between Ohm's law and Darcy's law is
established by the fact that the coefficient of transmis-
sibility is analogous to the reciprocal of the electric
resistance. Substitution of these laws in equation 27 re-
sults in the following equation which may be used to
determine the values of the resistors of the interior por-
tions of the analog model (see Bermes, 1960):

= K,/(K,T)
where:

R — resistance, in ohms; and T
missibility, in gpd/ft.

(30)

coefficient of trans-

The following equation (see Bermes, 1960), which
may be used to determine the values of the capacitors of
the interior portions of the analog model, may be derived
by taking into consideration the definitions of the coeffi-
cient of storage and capacitance and the analogy between
(a-'S) and C.

(31)
where:

C — capacitance, in farads; a = network spacing, in
feet; and S — coefficient of storage, fraction.
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A network spacing of 1 inch equals 2000 feet was
selected to minimize the errors due to finite-difference
approximation. Equations given by Karplus (1958) sug-
gest that the selected network spacing is adequate.

By the process of trial and error, scale factors were
chosen so that readily available and inexpensive resis-
tors and capacitors and existing excitation-response ap-
paratus could be used.

Selected analog scale factors are given below:
Kj = 1.826X10 15 gallons/coulomb
Kt - 1 ft/volt
K, = 1X10" gal/day/amp
K4 = 1.826X105 days/sec

A maximum pumping period, td} of 5 years was
chosen, which is a sufficient period for water levels to
stabilize under the influence of recharge from the Mis-
sissippi River. According to equation 28, with a Kt —1 .826X105 days/sec and when td = 5 years, the pulse
duration, t,, is equal to 10'- seconds. The pulse generator
has a maximum pulse duration of 10~a seconds. A scale
factor K2 of 1 ft/volt was selected for ease in reading the
oscilloscope graph.

A generalization of equations 23 and 24 permits ac-
counting for variations in space of the coefficients of
transmissibility and storage by varying resistors and
capacitors. Fixed carbon resistors with tolerances of ±
10 percent and ceramic capacitors with tolerances of ±
10 percent were used in constructing the analog model.

Values of resistors were computed from equation 30
using data on the coefficient of transmissibility given in
figure 25. Values of resistors in the internal parts of
the model range in magnitude from 470,000 ohms near
the bluff where T is about 20,000 gpd/ft to 33,000 ohms
near Monsanto where T is about 330,000 gpd/ft. Resistors
are greatest in magnitude, 2,200,000 ohms, along the val-
ley wall where the coefficient of transmissibility is
about 5000 gpd/ft

Values of the capacitors of the interior portions of
the model were computed from equation 31 to be 2500
micro-micro farads. The long-term coefficient of storage
substituted in equation 31 was 0.15.

Excitation-Response Apparatus

The excitation-response apparatus consists of three
major parts as shown in figure 60: a waveform gener-
ator, a pulse generator, and an oscilloscope. The wave-
form generator which produces sawtooth pulses is con-
nected to the trigger circuits of the pulse generator and
oscilloscope, thereby controlling the repetition rate of
computation and synchronizing the oscilloscope's hori-
zontal sweep and the output of the pulse generator. The
pulse generator, which produces rectangular pulses of
various duration and amplitude upon command from the

waveform generator, is coupled to that junction in the
analog model representing the pumped well. The oscillo-
scope is connected to junctions of the analog model where
it is desired to determine the response of the analog
model to excitation. An electron beam is swept across
the cathode ray tube of the oscilloscope providing a
time-voltage graph which is analogous to the time-draw-
down graph for an observation well. The waveform gen-
erator sends a positive pulse to the oscilloscope to start
its horizontal sweep; at the same time, it sends a nega-
tive sawtooth waveform to the pulse generator. At a
point along the sawtooth waveform the pulse generator
is triggered to produce a negative rectangular pulse. The
duration of this pulse is analogous to the pumping pe-
riod, td, and the amplitude is analogous to the pumping
rate, Q. This pulse is sensed by the oscilloscope as a func-
tion of the analog model components, boundary condi-
tions, and node position of the junction connected to the
oscilloscope. Thus, the oscilloscope trace is analogous to
the water-level fluctuation that would result after a step
function-type pumpage change of known duration and
amplitude. To provide data independent of the pulse
repetition rate, the interval between pulses is kept sev-
eral times the longest time constant in the analog model.
The time constant is the product of the capacitance at a
point and the resistance in its discharge path.

A means of computing the pumping rate is incorpo-
rated in the circuit between the pulse generator and the
analog model by the small resistor, Rit in series, shown
in figure 59. Substitution of Ohm's law in equation 27 re-
sults in the following equation which may be used to
compute the pumping rate:

<? = (V,/1.44X10»R.) K, (32)
where:

Q = pumping rate, in gpm; VR = voltage drop across
the resistor Rt, in volts; and R( = calibrated resistance,in ohms.
The voltage drop across the calibrated resistor is

measured with the oscilloscope. Switches 8l and S, are
closed and opened, respectively, and the oscilloscope is
connected to the pumped well junction. The waveform in
figure 60C appears on the cathode ray tube; the vertical
distance as shown is the desired voltage drop, VK.The switches S, and S2 are returned to their originalpositions. The oscilloscope is then connected to all junc-
tions of the analog model representing observation wells.
The screen of the oscilloscope is accurately calibrated so
that voltage and time may be used on the vertical and
horizontal axis, respectively. The time is in seconds;
the value of each horizontal division on the screen is
determined by noting the duration of the rectangular
pulse and the number of divisions covered by the time-
voltage trace for a junction adjacent to the pumped well.
The time-voltage graphs obtained from the oscilloscope
can be converted into time-drawdown graphs with equa-



tions 26 and 28 which relate electrical units to hydraulic
units. A catalog of time-drawdown graphs provides data
for the construction of a series of water-level change con-
tour maps. Thus, water-level changes are described
everywhere in the aquifer for any desired pumping pe-
riod. The pulse generator can be coupled to many junc-
tions, and a variety of pumping conditions can be studied.

The effects of complex pumpage changes on water
levels may be determined by approximating the pumpage
graph by a group of step functions and analyzing the
effect of each step function separately. The total water-
level change, based on the superposition theorem, is ob-
tained by summation of individual step-function water-
level changes.

The pulse generator has a maximum output of 50
volts and 20 mllliamperes; the pulse generator and
oscilloscope have rise times less than 1 microsecond and
waveform durations from less than 10 microseconds to
100 milliseconds. The performance specifications of the

waveform generator, pulse generator, and oscilloscope
are compatible with the following desired criteria for
analog computers: low power requirements, respective
calculation at variable rates, and fast computing speeds.

Accuracy and Reliability of Computer

The accuracy and reliability of the electric analog
computer were assessed by a study of records of past
pumpage and water levels. Water-level declines and
piezometric surface maps obtained with the electric ana-
log computer were compared with actual water-level de-
clines and piezometric surface maps. The piezometric
surface map for December 1956 (see figure 61A) was
used to appraise the accuracy and reliability of the elec-
tric analog computer. The effects of the prolonged
drought (1952-1956) on water levels are reflected in the
piezometric surface. Hydrographs of observation wells

Figure 61 . E levat ion o f piezometr ic s u r f a c e , December 1956 , a c t u a l ( A ) , bated on ana log computer result i (B )
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. • indicate that stabilization of the piezometric surface dur-
..- ing 1956 was mostly due to the effects of the Mississippi
I River. During much of the latter part of the drought

there were long periods when little water was in the
small streams and lakes in the interior portion of the
East St. Louis area, and these hydrologic features had
for practical purposes negligible influence on water levels.

Computations made with equation 4, taking into con-
sideration the Mississippi River (recharge boundary)
and accumulated periods of little or no recharge directly
from precipitation, indicate that the piezometric sur-
face for 1956 can be duplicated by using a time period of
5 years in estimating water-level declines.

Production wells were grouped into centers of pump-
ing, and the average discharges during the period 1952-
1956 for each pumping center were determined. The ana-
log model was coupled to the excitation-response ap-
paratus and the pulse generator was connected to junc-
tions at locations of pumping centers. The output of the
pulse generator was adjusted in accordance with discharge
data and a maximum time period of 5 years. The oscillo-
scope was connected to terminals representing observa-
tion wells and water-level declines were computed. Thus,
water-level declines everywhere in the aquifer were de-
scribed. The total water-level decline, based on the super-
position theorem, at each terminal was obtained by sum-
mation of individual effects of each pumping center.

J Only the effects of pumping centers were taken into ac-
count and the average stage of the Mississippi River was
assumed to be the same in 1956 as it was in 1900. How-
ever, records show that the average stage of the Missis-
sippi River was about 11 feet lower in 1956 than in 1900.
The effect of the change in the average stage of the
river on water levels was estimated by coupling the,
pulse generator to junctions in the analog model along
the river and measuring water-level changes due to the
given change of the stage of the river with the oscillo-
scope connected to junctions in the interior portions of
the analog model.

The above water-level declines due to the decline in
river stage were superposed upon water-level changes
due to pumpage, and a water-level change map covering
the period 1900 to December 1956 was prepared. A piezo-
metric surface map (figure 61B) was constructed by
superposing the water-level change map on the piezo-
metric surface map for 1900.

Features of the piezometric surface map prepared
with data from the analog computer and the piezometric
surface map prepared from actual water-level data are
generally the same, as shown in figure 61. A comparison
of water-level elevations for selected pumping centers,
based on the analog computer and actual piezometric
surface maps, are given in table 31. The average slope of

Table 31. Comparison of Analog Computer and Actual
Pieiometric Surface Maps for December 1956

Pumping
center

Alton area
Wood River area
Granite City area
National City area
Monsanto area
Caseyville area

the piezometric surface in areas remote from pumping
centers from both maps was 5 feet per mile. A compari-
son of gradients from analog computer and actual piezo-
metric surface maps in the vicinity of pumping centers
is given in table 32.

Table 32. Comparison of Analog Computer and Actual
Hydraulic Gradients of Pieiometric Surface Maps

for December 1956

Water-level elevation
(ft about msl)

Analog computer

375
375
345
365
360
400

Actual

375
375
350
365
355
400

Average gradient ( f t / m i )
Analog computer

15
15
20

a 10
20

Actual

15
15
30
10
25

Pumping
center

Alton area
Wood River area
Granite City area
National City area
Monsanto area

Differences in analog computer and actual piezometric
surface maps are not significant when considered in re-
lation to the accuracy and adequacy of geohydrologic
data. The close agreement between analog computer and
actual piezometric maps indicates that the analog com-
puter may be used to predict with reasonable accuracy
the effects of future ground-water development and the
practical sustained yield of existing pumping centers.

P R A C T I C A L S U S T A I N E D Y I E L D S O F E X I S T I N G P U M P I N G C E N T E R S

In 1962 water levels were not at critical stages in
any pumping center and there were areas of the aquifer
unaffected by pumping. Thus, the practical sustained
yield of existing pumping centers exceeds total with-
drawals in 1962. The practical sustained yield is here de-

fined as the rate at which ground water can be con-
tinuously withdrawn from wells in existing pumping cen-
ters without lowering water levels to critical stages or
exceeding recharge. Ground water withdrawn from wells
less than 1 mile from the river was not considered.
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Figure 63. Ar e a s of d iver s ion i n December 1 9 5 6

Areas of diversion of pumping centers in November
1961 are shown in figure 62. The boundaries of areas of
diversion delimit areas within which the general move-
ment of ground water is toward production wells. The
area (59 sq mi) north and east of Granite City and south
of Wood River and a larger area south of Prairie Du
Pont Creek through Dupo and south along the Missis-
sippi River were outside areas of diversion. As shown in
figure 63, the area north of Granite City outside areas
of diversion was much smaller, covering about 30 sq
mi, in December 1956. Pumpage in the Granite City area
was 30.1 mgd in 1956 and 8.8 mgd in 1961.

Most of the coefficient of transmissibility of the val-
ley fill deposits can be attributed to the coarse alluvial
and valley-train sand and gravel encountered in the
lower part of the valley fill. The thickness of the medium
sand and coarser alluvial and valley-train deposits was
determined from logs of wells and is shown in figure 64.
The thickness of the coarse alluvial and valley-train
sand and gravel exceeds 60 feet in an area south of Al-

ton along the Mississippi River, in an area near Wood
River, in places along the Chain of Rocks Canal, in a
strip 1/2 mile wide and about 3 miles long through Na-
tional City, in the Monsanto and Dupo areas, and in a
strip about 1 mile wide and 4 miles long near Fairmont
City. Thicknesses average 40 feet over a large part of the
East St. Louis area. The coarser deposits diminish in
thickness near the bluff, west of the Chain of Rocks
Canal, and in places along the Mississippi River.

The available drawdown to the top of the medium
sand and coarser deposits was estimated by comparing
elevations of the top of the medium sand and coarser de-
posits with elevations of the piezometric surface map for
June 1962 (figure 54) . As shown in figure 64, available
drawdown is greatest in undeveloped areas, exceeding
80 feet in the vicinity of Long Lake and in an area south
of Horseshoe Lake. In a large part of the area available
drawdown exceeds 60 feet. Average available draw-
down within pumping centers was estimated to be 40 feet
in the Alton area, 20 feet in the Wood River area, 35 feet



Figure 64. Th i c kne s s of medium land and coar s e r deposits
in lower part of val ley fill

in the Granite City area, 30 feet in the National City
area, and 30 feet in the Monsanto area.

When pumping water levels in individual production
wells are below tops of screens, partial clogging of
screen openings and the pores of the deposits in the im-
mediate vicinity of the wells is greatly accelerated. To
insure long service lives of wells, pumping water levels
should be kept above tops of screens. Also, when water
levels decline to stages below the top of the coarse al-
luvial and valley-train sand and gravel and more than
one-half of the aquifer is dewatered, drawdowns due to
the effects of dewatering become excessive and the yields
of wells greatly decrease. Thus, critical water levels oc-
cur when pumping water levels are below tops of screens,
or more than one-half of the aquifer is dewatered, or
both.

Critical nonpumping water levels for existing pump-
ing centers (table 33) were estimated on the basis of
well-construction and performance data and figures 6, 64,
and 65 taking into consideration the effects of dewatering.

After critical water levels have been reached, individual
wells in pumping centers will have yields exceeding 450
gpm.

Table 33. Critical Nonpumping Water-Level
Elevations for Existing Pumping Centers

Pumping center

Alton area
Wood River area
Granite City area
National City area
Monsanto area

Avenge
critical noDpumpmgwater-level elevation(ft above md)

375
369
374
374
369

The electric analog computer with a pumping period
of 5 years was used to determine pumping center dis-
charge rates that would cause water levels in all major
pumping centers to decline to the critical stages in table
33. Several values of discharge were assumed and water-
level declines throughout the East St. Louis area were
determined. Water-level declines were superposed on the
1900 piezometric surface map together with changes in

Figure 65. Est imated ava i lab le drawdown to top of
medium sand and coar s e r depos i ts in June 1 9 6 2

58



water levels due to the changes in the stage of the Mis-
sissippi River, and piezometric surface maps under as-
sumed pumping conditions were prepared. The pumping
center discharge rates that resulted in a piezometric sur-
face map with the critical water-level elevations in table
33 were assigned to the practical sustained yields of the
pumping centers. The practical sustained yields of the
existing pumping centers are given in table 34.

Table 34. Practical Sustained Yields of Existing
Major Pumping Centers

Pumping
center

Alton area
Wood River area
Granite City area
National City area
Monsanto area

1962pumping
rate

(mfd)

6.3
14.1

9.5
11.6
22.6

Additional
possiblewithdrawal
(mtj)

9.7
5.9
5.5
6.4
0.4

Practical
sustainedyield

(mfd)

16
20
15
18
23

Year after
\*hich practicalsustained yieldmay beexceeded

2000
1990
1980
2000
1965

Total 64.1 27.9 92

Estimates were made of the probable dates when
practical sustained yields of existing pumping centers
may be exceeded. Pumpage totals from 1890 through
1962 in the Alton, Wood River, Granite City, National
City, and Monsanto areas are shown in figures 35 and 36.
The past average rate of pumpage increase in each pump-
ing center was estimated and extended to intersect the

practical sustained yield of each pumping center. The
assumption was made that the distribution of pumpage
will remain the same as it was in 1962. It is estimated
that the practical sustained yield of the Alton area
pumping center (16 mgd) will be reached after the year
2000; the practical sustained yield of the Wood River
area pumping center (20 mgd) will be reached about
1990; and the practical sustained yield of the Granite
City area pumping center (15 mgd) will be reached
about 1980.

It is estimated that the practical sustained yield of
the National City area pumping center (18 mgd) will
be reached about the year 2000. The rate of pumpage
growth in the National City area may increase marked-
ly, however, because of the effects of a series of drain-
age wells being installed to permanently dewater a cut
along an interstate highway near National City. Pump-
age from the drainage wells was not known at the time
this report was prepared.

Pumpage in the Monsanto area during 1962 (22.6
mgd) is near the estimated practical sustained yield of
23 mgd.

No great accuracy is inferred for the estimated dates
when practical sustained yields may be exceeded in table
34; they are given only to aid future water planning. A
reasonable extrapolation of the pumpage graphs in fig-
ures 35 and 36 suggests that total ground-water with-
drawals from wells in existing major pumping centers
will exceed the practical sustained yields by about 2000.

P O T E N T I A L Y I E L D O F A Q U I F E R W I T H A S E L E C T E D S C H E M E O F D E V E L O P M E N T

The electric analog computer was used to describe
the effects of a selected scheme of development and to
determine the potential yield of the aquifer under as-
sumed pumping conditions. The potential yield of the
aquifer is here defined as the maximum amount of water
that can be continuously withdrawn from a selected sys-
tem of well fields without creating critical water levels or
exceeding recharge.

The distribution of pumpage with the selected scheme
of development is shown in figure 66. A comparison of
figures 66 and 34 shows that, with the exceptions of three
new pumping centers near the river and one new pump-
ing center in the Dupo area, the selected scheme of de-
velopment is the same as the actual scheme of develop-
ment in 1962.

Critical nonpumping water levels for existing and as-
sumed pumping centers (see table 33) were estimated
from figures 6, 64, and 65 taking into consideration the
effects of dewatering. The electric analog computer was
used to determine pumping center discharge rates that
would cause water levels in all major pumping centers

to decline to the critical stages in table 33. Several values
of discharge in major pumping centers and anticipated
discharge rates for minor pumping centers based on
extrapolations of pumpage graphs for minor pumpage
centers to the year 2015 were assumed and water-level
declines throughout the East St. Louis area were de-
termined. Model aquifers and mathematical models
(Walton, 1962) based on available geohydrologic data
and information on induced infiltration rates were used
to determine the local effects of withdrawals in pumping
centers near the river. Water-level declines were super-
posed on the piezometric surface map for 1900 together
with changes in water levels due to the changes in the
stage of the Mississippi River, and piezometric surface
maps under assumed pumping conditions were prepared.
The total pumping center discharge rate that resulted in
a piezometric surface map with the critical water-level
elevations in table 33 was assigned to the potential yield
of the aquifer with the selected scheme of development.
The potential yield, subdivided by pumping center, is
given in table 35; water-level declines and approximate
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elevations of the piezometric surface with the selected
scheme of development are shown in figures 67 and 68,
respectively.

The pumpage graph in figure 32 was extrapolated in-
to the future. Assuming that pumpage will continue to
grow in the future as it has in the past, total pumpage
in the East St. Louis area will exceed the potential yield
with the selected scheme of development (188 mgd)
after about 52 years or by 2015. A careful study of figures
25 and 66 and data on infiltration rates of the Mississippi
River indicates that there are sites near the river where
additional pumping centers could be developed. Thus,
the potential yield of the aquifer with other possible
schemes of development exceeds 188 mgd.

Recharge by Source
Flow lines were drawn at right angles to piezometric

surface contours in figure 68 and areas of diversion (see
figure 69) of pumping centers were delineated. Recharge
directly from precipitation to each pumping center was
computed as the product of areas of diversion and the

average recharge rate (370,000 gpd/sq mi). Recharge
from subsurface flow through the bluffs to each pump-
ing center was computed as the product of the lengths of
the bluff within areas of diversion and the average rate
of subsurface flow (329,000 gpd/mi). Recharge from in-
duced infiltration of surface water in the Mississippi
River to each pumping center was determined by sub-
tracting the sums of recharge directly from precipitation
and subsurface flow from discharge rates in table 33. Re-
charge subdivided by source is given in table 36.

It is estimated that 36.5 percent of the total poten-
tial yield of the aquifer with the selected scheme of de-
velopment will be derived from recharge directly from
precipitation; about 57.3 percent will be derived from
recharge by induced infiltration of surface water; and
about 6.2 percent will be derived from recharge by sub-
surface flow through the bluffs.

Recharge amounts in 1956 and 1961, subdivided by
source, are also given in table 36. The percentage of
recharge from induced infiltration of surface water in-
creases as the total withdrawal rate increases. As shown

66. Distr ibut ion of pumpage with selected
icheme of development

Figure 67. Water- l eve l decl ines with * selected
scheme of development
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Table 35. Potential Yield of Aquifer with
a Selected Scheme of Development

Pumpin
Alton area

1
2

Wood River area
1
2
3

Mitchell area
Granite City area
National City area

1
2
3

Monsanto area
1
2

Dupo area
Poag
Glen Carbon
Troy
Caseyville
Falrmont City
Total

Pumpage with selected
scheme of development

(mid)______

16.0
7.0

20.0
7.2
7.0

18.0
15.0

18.0
5.0
7.5

23.0
11.0
19.0

2.0
1.0
1.0
4.0
6.0

187.7

in figure 69 areas of diversion with the selected scheme
of development cover most of the East St. Louis area.
Recharge directly from precipitation and subsurface
flow through bluffs is therefore nearly at a maximum.
Additional pumpage will have to be balanced with re-
charge mostly from induced infiltration of surface wa-
ter. This can best be accomplished by developing addi-
tional well fields near the Mississippi River.

Average head losses beneath the Mississippi River
bed and river-bed areas of induced infiltration, associated
with pumpage in 1962 and with the selected scheme of
development, were estimated based on infiltration rates
and aquifer-test data. Average head losses are much less
than the estimated depths of the Mississippi River given
in figure 57, and river-bed areas of induced infiltration are
small in comparison to the river-bed area in the East St.
Louis area, indicating that recharge from the induced in-
filtration of surface water with the selected scheme of
development is much less than the maximum possible in-
duced infiltration.

« »» ft a*
Figure 68. Approx imate elevat ion of pieiometric iurf»c«

with a «»l»et»d tch«m« of d«»» lopm»n*
Figur« 69. Area s of divcrt ion with teltcttd

ich»m» of deve lopment
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Table 36. Recharge with Selected Scheme
Selected scheme of development

of Development and in 1956 and 1 9 6 1 , Subdivided by Source
1956 1961

Sub- Induced Sub- Induced
Precipi- surface infil- Total Precipi- surface infU-

Pumpiog tation flow tration pumpage tation flow tration
center ( mfd) ( m f d ) {nfd) (™gd) (mtd) (mid) Imfd)

Alton area 1.8 2.0 19.2 23.0 1.4 1.4 7.0
Wood River area 7.3 2.6 24.3 34.2 7.1 3.0 11.0
Mitchell area 9.3 1.3 7.4 18.0
Granite City

area 11.2 0.9 2.9 15.0 16.8 1.8 *
National City

area 9.9 2.0 18.6 30.5 9.0 1.1 3.7
Monsanto area 9.5 24.5 34.0 10.7 0.7 18.7
Dupo area 19.0
Poag 2.0 2.0 0.9
Glen Carbon 0.8 0.2 1.0 0.2
Troy 0.8 0.2 1.0 0.3
Caseyville 2.9 1.1 4.0 1.3 1.0
Fairmont City 6.0 6.0 2.4

Total 61.5 10.3 96.9 187.7 50.1 9.0

W A T E R Q U A L I T Y
The chemical character of the ground-water in the ^xNxx^

East St. Louis area is known from the analyses of wa- ^-"^
.-. ter from 183 wells. The results of the analyses are given
" in table 37. The constituents listed in the table are given
in ionic form in parts per million. The analyses of water '̂ T'̂ egSi
from wells were made by the Chemistry Section of the ^X-^
State Water Survey. Chemical analyses of water from
wells at several sites in the area are made monthly by the
chemistry section. The locations of selected sites are
given in figure 70. The sampling periods are listed in
table 38, which provides a summary of the results of
periodical chemical analyses of water from selected /^
wells. •"'"(V///

Ground water in the East St. Louis area varies in • ( ( u
quality at different geographical locations. The quality \//
of water also varies with the depth of wells, and may =.. ^M
often be influenced by the rate of pumping and the idle \ \_\
period and time of pumping prior to collection of the 'ft
sample. Bruin and Smith (1953) noted that relatively V
shallow wells of a depth less than 50 feet are in general
quite highly mineralized and frequently have a high /
chloride content. Water samples from wells in heavily /•/
pumped areas often have high sulfate and iron contents A/
and a high hardness. &•/£

Induced infiltration of water from the Mississippi //'U^
River affects the chemical quality and temperature of ///
water in wells at many sites. All other factors being //(// (~'equal, the closer the well is to the river the greater will U u .-•'
be the effect of induced infiltration on the quality and j]^',
temperature of water in the well. In most of the analyses °' f^ J.
in tables 37 and 38 the effect of induced infiltration of « ow
river water is not evident. Data in figure 71 illustrate ...0 Figurethe effect of induced infiltration of water from the river

Sub- 1 nducedTotal Precipi- surface infil- Total
pumpage tation Bow tration pumpage
(mid) Imtd) (mid) (mtd) (mid)

9.8 1.0 1.1 10.2 12.3
21.1 7.2 2.6 14.5 24.3

30.1 7.7 1.1 8.8
13.8 6.9 3.9 10.8
30.1 12.6 0.8 18.5 31.9

0.9 1.2 1.2
0.2 0.3 0.3
0.3 0.4 0.4
2.3 1.4 1.0 2.4
2.4 4.4 4.4

111 .0 43.1 5.5 48.2 96.8

§k " '" •" • " 1 »«=2^V -.. 1 N^Ox \ :
=-*V/>] ' \*^J°~ : \ -----W : <,s?/j ' :- '.4y i «
f̂ / ' / , ,v( 7 i I/- v - -i- _it\ i ^ — _ _ _ _iy ;// ; :T: ^ \i; ° :1 > , i— L _ __ __ __ i _ ^ _ MADISON ca ,

1 4 ; S I . "CL » ' « CO. ^• : ° w ;
' ' / !:5 • •• Ho5 ,1 _ . .-• ' 1

1 • • * ' '1 ..•*- ^1 .-• ' '
1
' 1 <» l 4 N A 1 . 0 M |

/'•'"" ' N, ' 1
G t*T! MUMWM |

1 SLAll V iMLtS |

' "9* " ' »B« ' " '

70. Sitf l i whert ground-water Sf lmp le t
«re per iocf i c s l ly col lected



Table 37. Chemical Analyses of Water from Wells
(Chemica l const ituents in parts per million)

Wrl l
mim lM- i

MAD—.1N9W-I6.
5N9W-I8 .4 I ,
5N9W- IB .V
5N9W-22 .
5N9W-
5N9W-
5N9W-
1N9W.26.7c
5N9W-26.8c
5N9W-26.8c
5N9W-26.Bg
5N9W-27. l b l
5N9W-28.
5N9W-33.4<t
5N9W-33.5f
5N9W.35.4s
5N9W-35.4K
5N9W-35 .3H
4N8W- 6.4. 1
4NBW-19 .2 c
4N8W- 19 .7 l i
4NBW.19. f l r
4N8W-29.4*
4N8W-29.4H
4N9W- l .4d
4N9W- 9.2b
4N9W- 12 .5 c
4N9W- I3 .
4N9W-
4N9W-
4N9W-
4N9W-l6.3 l i

'4N9W- l6 .3a l
4N9W-l6.3r2
• 1N9W-16 .5b I
4NOW-16 . .V
4N'9W- l9 .3h l
4\"JW-l93h2
4N9W-20.3I ,
4N9W-20 .4r
4N9W-20.4f
4N9W-20.4g
4N9W-2l . . 1 1 i
4N9W-27 .H
4N9W-29.7c
4N9W-29.7c
4N9W-29.7?
4N9W-29.8c
4N9W-30.1 *
4N9W-30. l b
4N9W-30. 1 c
4NPW-30.2a
4N9W-31 .2g
4N9W-3 l . 2 h
4 N 9 W - 3 I . 3 F
4 N 9 W - 3 l . 3 s
4N9W-3 1 . 5 b
4N9W-3 I .6 »
4N9W-3 1 .6 b
4 NOW- 33. Is
3N8W- 5 . 2 F 1
3NRW- 5 .2F2
3NOW- 8 . 4 h l
3N8W-20 .5 r l
3N8W-20.5r2
1NBW-20.8c l
3NRW-20.8r2
3N8W-29 3d
3NBW-30.7b l
1N8W-30.7b2

, JNRW-3 1 . 2 a l
HNBW-3 1 2a2
3N8W-3 I 2j ! !
3N9W- 3
3X9W- 5 . 8 1 ,

| ) r | > l ll
' I I I

no,11

1 1 2
1 1 4
1 1 0
1 1 6
1 2 2
86

100
80

1 1 3
1 35
126

7 1
1300

37
95
4 1

1 1 5
100
B5
40
1 1 1
1 1 2
1 1 4
1 1 7
31
27
85
22
72
26
60
69

106
1 1 0
106
63
67
63
69
69
66
69
69
69
71
68
63
60
58

1 1 0
66
63
4 1

100
4.1

100
95

1 1 1
4fl

10 1
'.19

1 0 2
103
1 Id
1 1 0

F)n l r
ro l l rc lrd

1 2 / 1 6 / 4 8
1 1 / 3 0 / 5 8
3 / 3 1 / 5 4
4/ 1 / 4 2

1 2/ 3/48
6 / 7/58
8 / 1 2 / 5 9
4/20/50
4/20/50
3/22/57

12/10/48
12/ 4/48
1 1 / 1 /60
12/ 16/58
6/ 15/60
3/29/46
3/29/46
3/29/46
8/30/56
2/ 14/60

10/22/59
1 2 / 1 4 / 6 0
V 5/57
9/16/54
6 / 3 1 / 6 1

1 1 / 1 0 / 5 2
fl/ 3/60

2 / 4 0
1 1 / 1 7 / 4 8
l l / 6/6 1
10/26/61
10/2 1/43
10/2 1 /43
9/ 7/53

1 1 / 2 8 / 4 9
1/27/53
I/ /44
6/ 8/61
8/2 1/52
6 / 1 2 / 5 2
6/ 14/52
6 / 1 1 / 5 2

1 0 / 1 5 / 5 2
10/ 14/43
4/27/54
9/1B/52
9/16/52
9/19/52
9/25/52
9/25/52
9/24/52
8/28/52
8/26/52
8/27/52
8/23/52
8/25/52
7/28/52
8/ 5/52
7/25/52

1 1 / 2 1 / 5 3
l l / 3/5 1

4/28/58
9/ 9/58
6/30/59
9/21/55

10/ 7/43
6/30/59
7/26/57

1 0 / 1 3 / 5 4
1 0 / 1 3 / 5 4
4/ 3 '12
H / 1 7 / 5 1
b / 1 2/5 1 1
. ' . • ' 1 8 / 4 1
4 / 2 7 / 1 4

Si l i r a(S io . :
33 .6
23 .0
12 0
2 2 . 0
28.7
3 1 . 3

30.9
2 1 . 3
27 .4
3 1 . 3

1 1 . 1

10. R

24. n
2 7 . 1

1 1 .0

21 6
20 3

2.1 0

27 I I
'I', n

Manva- Cal-
lx ,n ncsc r iu i n
Fr iM n l If. * ;

0 . 2 0 . 3 1 0 8 . 7
8 .2 0 .0 1 56 .5
2 . 0 1 2 3 . 0
0 . 1 0 4 76 .6
0 . 2 1 1 . 3 1 0 1 . 3
0.4 I0 t
0 .6 0 . 1
0.4 0 3 66.0
0.7 0 . 1 00.0
0 3 0 6 1 1 0 . 1
0 . 4 0 . 2 6 4 . 2
4 . R 0 . 5 8 7 . 0
5.8
1 . 3 0 .3 52 .5
0 . 2 0 , 3

1 8 . 4
1 1 . 9
1 2 . 5
6 2

10
4 . 2 I ' r 4 0 0
1 0
1 . 2 1 . 3
0 6
1 6
2 . 0
0 . 1
2.0 .',2 2
2 .8 0 . 1 19 .0
1.6 0 . 1 60.0
2.6 0 . 1 65 .9
O. I
Tr
.1 .9
4 .5
5 .9
0 .2
0 1
4 . 6

1 0 7
1 1 . 5
0 .2
3 4 0 1 6 2 1
3 5
9 . 4

1 2 . 1
1 1 . 0
1 3 . 0
1 . 3 . 0
1 0 . 3
1 0 . 1
9.5

1 0 8
1 3 . 0
1 0 . 9
1 0 . 8

7 .6
10 . 1
9 . 1
5 . 1
0 9 0.4 1 12 9
0 . 4 r > 2 1 1 9 2
O . In :
Tr
O . I
0 fi
0 ! " 1 HI2 1
4 .2
1 0i h
l - l ( • < > 1 0 7 . 1 ,
I I 11 I I -1 -7 1
1 i, |, ".
11 1
1 , 1 ,

Sodium Alka-
Mas- + pola^- Un i t y
nr«inm slum P.ornn (as C; > -
(Mg ) iNa , + Kl ( F t ! f'O/i

305 23 .9 224
43.0 134
6 1 . 4 3 1 4
26 .3 16 8 214
3 7 . 6 3.2 100
36.9 16 0 1 308

324
22 .2 0 .7 102
26.3 0 .7 244
10.8 1 4 . 0 0 . 1 276
2 1 1 .6 2 . 8 176
210 7 .6 200

2BI
I R 2 1 4 0 0 1 6 0

164
2 1 6
990
2FI4

0.3 5.16
124

n.. i 7 o inn
216
280

n 344
0 236

308
168

R 0 in i 146
1 5 0 ' 4 4
1 1 f i 152
1 7 8 K W

134
334
224
180
280
146
472
272
276
1 16
120

1 7 . 1 1 0 1 2 1 4
242

0 1 332
328
356
340
352
360
140
376
364
392
+0t
1%
.116
348
152
2%

47 .0 1 2 . 1 2 14
5 2 . 7 2 3 0 2 2 7 6

324
1?0

0 292
3 1 6
276

1 - 1 ' , n 03 202
124

n i, ."H,
4 3 8 8 1 2 i iM
•Ci ', J (i 1 ' l l ,

1 • 2 1 , 1

Su l -
fai.

I5O < ]

1 7 1 . 1
1 3 7 . 5
I ' l l . .3
65 .2'Ki r,

1 1 7 . 6

.10. J
8 3 . 3

140 .5
65 .2

1 0 5 . 9
50 4
41 .3
5 4 . 1

264 .7
209.4
1 7 6 . 9

2 137 . R
3J 1 . I ,

1 1 1 . 1

44 n
5 1 . 8

5 8 . 1

1 . 1 . 1
52 .1
4 3 . 4

181 ' , . 2
7 1 . 5
41 f i
5 1 . 1
63.8

1 6

79 .0
79 .4
66.0
7 2 . 7

87 4
1 10 .8
.16.2
7 6 . 7
9 ( 1 . 7
71 6
98. 1
4 3 . 2
6 4 . 4
5 0 6

2 . 5
223 .6
2 . 1 1 . 8

1 15 ( 1

7 1 0
1 4 8 . 9
4 f i

1 7 0 ,

r:t i i , >- F I , , . , .
rirlr ndri r h (K i

27 0
3 1 . 0
2 7 . 0
8 0
1 1 ) 0 2

1 1 O . I
1 7 O . I

3 . 0 0 3
3 .0 0 .3
8 . 0 O . I
5 . 0 0 . 3

1 9 0 0 6
1 1
20 0 . 1
1 8
90.0

6 .0
1 1 . 0
1 1

40iO
1 , 0 |
2 0.2
6 0 2r,
3a
2
3 0
1 .0 0 .5
1 .0 0 .2
i 0.2

41
56

\
1 3
1

2 r >
27̂

1

1
2 0 2
R
1
6
3
5
6r,
rj
•1
5

1
R
S
r,
5
r,

1 3 0 4
1 7 0 1
21
fi
•1

r,
7 r. i
i P i

/. i , i
r. ' ;

M-
1 r : , lr

1 V(V

1 1 . 5
fl 0

3 .4
6 . 1
1 . 2
1 . 5
0 . 1
0 .3
0.8
0 6
0 .2
0.9
1 . 1

0 4
1 . 3

10
1 1 . 2
H . I
9.8
9.0

0 .5

. 1 1 . 8

0 . 1

9 .9
1 . 9

I ",

„ „
I I .

I I : , " I-

la < C; i-
CO:, I

398
434
3 1 4
299
40F,
4 1 3
450
256
333
402
246
321
33',
206
221
546
485
450
448
920
15R
3 1 6
356
468
289
420
220
2 1 1
2 1 4
238
9 1 4
895
224
438
3 16
628
628
344
3 1 1
.3-18
39 1
226
291
370
4 1 8
420
4 1 2
428
448
428
424
433
466
45fl
487
370
4 1 6
305
2S8
476
5 1 5
540
4 2 4
3(18
316
33')
4W
340
112
4 I ' I
•Mf:
T',| |
3 1' i
Hi,

Tolnl
< l i s-

xolvril
miner- , K pi 1

538
193
160
334 7.2
473
4 1 7
524
329
400
5 16
304
4 10
10f,
270
261
7 1 1
527
502
558

10373
258
3K9
393
506
331
472
243
1 6 3 7 . 1
264
2 7 1 7 . 7
300 7.6

1 1 6 9
1 1 7 9

2.11
473
330
loon
8i;i
iin
312
. 177
3%
268
341
380
4 18
435
4 1 2
430
458
433
424
440
492
486
5 1 5
392
427
402
304
590
666
.101
4 78
392
361
1 2 1
1 1 7
360
364

4 1 2
•!(,. ' ,
" < 7 ^
3 17

Trm-
IHM-A-
fnrr<°r\

55
56
56
51
59
.17
58
55
57
55

5FI
58
.18
58
58
.10
5ft
Tn
5li

T,H

If,r,o

Vi

5',
56
56
56

60
5',
58
. 17
56
57
57
56
.17
17
.16

56
57
17
57

. 17
16

5 7
62
511
.16

.11,

:M,

j i ,



Table 37 (Continued)

Well Depth
number J]l2_

MAD— (Continued)
3N9W- 6.3c HO
3N9W- 6.4al 32
3N9W- 6.4a2 56
3N9W- 6.8f 56
3N9W- 6.8g 55
3N9W- 6.8h 59
3N9W- 8.5g 80
3N9\V-10.4g 27
3N9W-10.4H
3N9W-14.2g
3N9W-17.2*
3N9W-18. 1d
3N9W-18.H
3N9W-19.Bh
3N9W-24.4g
3N9W-3fl.7e
3N9W-32.6g
3N9W-35.2d
3N9W-35.4a
3N9W-35.4d
3N9W-35.7d
3N9W-35.8»
3N10W- l.lc
3N10W- l.ldl
3N10W-l. ld2
3N10W- 1.2b
3N10W- 1 .2c
3N10W- 1.3a
3N10W- 1.3b
3NIOW-,2.3d
3N10W-12.4g
3N10W-12.5f
3NIOW-12.5*
3N10W-12.6d
3N10W-14.2d

1 3N10W-14.4*
3N10W-14.4b
3N10W-23.5*
3N10W-23.5h
3N10W-23.6e
3N10W-24.3h
3N10W-25.
3N10W-25.8g
3N10W-36.5g
STC—2N8W- 6.5h
2N8W- 6.6a
2N8W-7.2W
2N8W- 7.3h
1N10W- 3.5<
1N10W- 9.1g
lN10W-12.7d
lN10W-19.2h
lN10W-21.4f
]N10W-28.3h
1NlOW-33.7b
2N9W- 1 .3f
2N9W- 1 .4a
2N9W- 2 .4f
2N9W- 2.8e
2N9W- 3.8a
2N9W- 3.8a
2N9W- 4.3*
2N9W- 4.3b
2N9W- 4.3c
2N9W- 4.4m
2N9W- 7.6tl
2N9W- 7.6e2
2N9W- 9 . 1 h
2N9W- 9 .7 »
2N9W.10.6hl

•». 2N9W-10.6h2
2N9W-17.2d

, 2N9W-17.7g
2N9W-18.5b
2N9W-19.
2N9W-26.7I
2N9W-26.8f

23
100
106

90
45

109
104
101
30

100
28
55
65

100
53
52
72
52
53
58
58
65
57
57

84
1 19

95
100
106
105
91
80
31
26
27
34

102
51
33
90

1 1 5
36

1 1 5
1 1 7
1 1 2
105
122
100
106
100
98

122
124
108
1 14
1 16
104
81
81

Date
collected

5/13/54
9/25/54
1/29/57
8/18/52
8/14/52
8/12/52
9/23/51
I/ /44
9/ 7/55
ll/ 2/56
4/21/54
2/24/44
9/ 7/54
6/ 9/58
9/22/60

ll/ 1/55
3/27/34
3/27/34
6/ 3/53

11 / 6/45
7/21/52
7/22/52

11/21/53
7/16/52
7/18/52
7/12/52
7/15/52
3/ 2/61
7/ 2/52
6/26/52
6/28/52
6/20/52
9/ 2/52
9/ 6/52
9/23/52
7/15/52
9/ 9/52
9/13/52
2/23/44
2/24/44
6/26/52
8/23/53
4/29/55
9/ 2/54
4/12/35
6/25/54

ll/ 2/43
11 / 8/43
11 / 5/43
1 1 / 16/43
6/ 4/43
6/21/43

1 1/ 15/43
8/15/62
3/ /M

l l/ 6/45
9/27/45
4/ 8/43
4/ 8/43
4/ 1/43
3/30/43
3/30/43
4/ 1/43
3/10/58
3/10/58
2/ 2/48
5/14/54
B/ /42
8/ /42
4/ /54
8/24/48
3/25/43
3/19/43
9/ 7/5 1
8/31/51

Sodium Al*»- cManga- Cal- Mag- + pot«- >>m£ S,
SiBe, i™ .•« ™« n,?J^,N."TK/(°BT (CO) (S(SiOi) (Ft)

7.2
0

7.8
4 . 1
3.0
3.5

4 1 .8 8 . 1
2 .7
i fll.£
4.5
5.7
9.4
5.2
7.0

1 1
8.7
1 .5
1 .6

14 0.0
14 1 .3

8.2
7.6
4.0
6.4

10.1
3.3
2.2
5.2
3.3
7.0
4.8
5.5
7.2
8.4
9.6
8.4
8 .7
9.8
8.4

10.8
8.8

16.6
45.0 22.6

8 Q,y
0.6
1 .6

12.0 0.6
0.1
0.2
0 . 1
0 4
0. 1

14 .0
1 .4

0.5
5 . 1
1 . 9
3.6

32.6 7 .5
6.2
6.6
7 .6
4 .2
6.2

12.4
5.8
2 .2

14 .8
7 .3
4 .7
9.4
6.8

10 . 1
7 . 1

1 1 . 0
36.8 2. 1
36.0 2.6

(Mnl V*^«J < tno / \"» i • ' __: — : — ———— —

HMTQ- 1 wv» i ' ——
„!- Chlo- Fluo- Ni- =« «j|* P££g, <a> ft <£Vc^±^pHr£

Tr 276
312 2 12 .4

0 300
252 60.5
244 58.2
320 77.B

0.2 1 . 4 . 2 28.8 2.8 240 143.331o
240

0.2 232
0.1 296

256
010LJO
288 94.6

03 320 38.3
308 138.6
S36 162.1

0.1 344
0.35 .97 .8 43.3 *6 146.0
08 92.4 2 1 .6 12 .7 286 46.7

6.7 '80304
320 65.2
304 61 .7
376 138.2
292 60.3
328 76.5
280 66.4
312 51.6
404 193.4
196 74.7
204 82.5
200 103.7
232 93.2
268 76.5
204 78.0
216 68.7
276 102.0
224 72.4
324 129.2
334
362

3.0 162.0 39.3 35.9 «4 257.9

Tr 296
Ti 312

0.6 ,56.8 7 7 . 7 71 .5 ̂ «1
386
380
280
412
354
120
86

OB 3 2 8
08 Tr 2%

280
0.5 94.4 29.6 1.6 324

382
290
312
270
314
270

0.4 190 52 '26
™
352
356
380
308
308
336
364

03 84.3 31 1 1 .5 228
0.2 69.4 26 M.5 "»

4
12

4
3
4
5
15 OJ
13

4
4
8
5 0.1
4

40
5

29 0.3
22
10

11 1 .0
0

50
5
6
6

25
5
4
5
4

12 0.3
8
8
8
7
9

10
11

9
8

13
38
37
24 0.3
31

7
,5

316 . 1 52
350.5 42

71
68
14

141
27
16
48
70 0.2

7
10 .0

29.6 5.0 0.3
5.0

12 .0
52.0

4.5
13 .0
42.5

,08
1 10

32.1 5
97.9 15

1 1 1

1 18
97

4.0
3.0
7

.3
39
36

. 1 1 1 04
.1 13 0.4

352 3b4
525 587
424 468
248 S23
294 317
395 408

0.5 404 486
444 518
MO 439
256 0<1''
•tatJOT

0.7 312
326
372
nafJJD
420

0.7 5,0
400

88.6 320
0.9

124
335
365
357
528
340
386
S49
361

0.8 590
265
276
312
320
336
286
300
365
286
441
7 1 2
720

0.1 567
628
388
656

1.3 708
756
960
941
461

1 152
5,8
322
157

0.3 520
388
338

0.2 358
408
617
938
919
401

1273
690
700
353
452
343
350
360
425
612
608

0.8 342
0.6 283

380
338
356
459
«ej-JJC
520
613
422
673
320
295
368
392
384
580
363
405
371
375
699
297
318
335
158
364
3 19
316
400
320
500
825
891
757
674
408
675

,001
877

1122
1 123

527
1566
625
S86
246
644
408
382
406
450
742

1035
1 ,76

477
1882
10,4
1021
369
492
387
397
387
463
725
778
437
358

57
56
58
56
58
57
57
58
57
56
60
60
57
57
54
57

57
58
56
57
56
56
58
58
57
57
56
58
57
57
57
60
55
56
53
60
56
60

60
56
58
57

56

58
58
58

60
54
57
57



Table 37 (Continued)

\A1 IIwellnumber
Depth
(ft)

Datecollected
Manga- CaJ-

Silica Iron nese cium
(SiO.) (F e ) (Mn) (Ca)

Sodium AJka-
Mag- + potas- linitynesium iium Boron (u Ca-(Mg) (Na -I- K) (B) CO,)

Sul-
fate(SO«)

Chlo-
ride(CD

Hard-Fluo- Ni- nesi
ride trate (ai Ca-(F) (NO,) CO,)

Total
dil-eolved

minerals pH

Tem-
pera-
tureCF)

STC — ( Con tinued )
2N9W-28.6e
2N9W.29.6e
2N9W-30.5h
2N9W-30.6d
2N10W- 1.3a4
2NIOW- 1.3a5
2N10W-12.3c
2N10W-12.Sg2
2N10W-12.3g3
2N10W-12.3g4
2N10W-12.6J
2N10W-12.6H
2N10W-13.6e
2N10W-13.5d
2N10W-13.7gl
2N10W-13.7h2
2N10W-24.U
2N10W-25.7b
2N10W-26.1e l
2N10W-26.1e2
2N10W-26.2e
2N10W-26.3dl
2N10W-26.3d2
2N10W-26.3g
2N10W-26.3h2
2N10W-26.3h3
2N10W-26.4e
2N10W-26.7b
2N10W-26.7b
2N10W-33.2f
2N10W-34.

109
1 13
100
1 10
1 10
1 10
106
108
108
108
106
100no
108
38

100
95

105
107
95

1 10
105
105
105
109
1 12
1 10
100

73

9/20/37
3/19/43
3/17/43
8/ 7/44
5/16/61
5/16/61
9/ /54
3/30/43

do
do

1/29/59
1/29/59

11/16/43
3/17/43
9/ /44
9/ /44
4/24/36
4/ 1/43
8/18/43

12/12/47
4/16/43
6/24/43
6/24/43

12/12/47
6/10/43
6/10/43

12/12/47
5/17/43
2/18/44
6/23/43

8.0 7.5 107.3
7 . 1

25.0
9.1

1 1 0.8
14 1 .0
12
5 .6
3.8
7 . 1

12
15
4.7

12 .8
12 .2
0.9

16.0 0.6 0.; 154.8
1 . 7
6.1

37.0 12.8 0.3 130.2
21 .6

8.0
1 1 .3
22.9
1 . 1

12 .4
45.2 15 .2 0 .5 141 .7

15 .6
6.6

15.4
12 .0

23 6.7 358
340
420
312
304
296
396
418
404
400
362
436
286
370
352
368

40.8 9.0 290
396
404

40.6 15.6 360
462
374
328
440
386
402

37 30.6 356
416
340
444
354

149.3
146.5
537.7

209.6
209.6

226.4

137 .0

486.7

163.7
161 .9

2.0
9.0

33
19
16
13

170
640
225
530

59
92
5

53
48
33
34
32

9
18
61
29
23
41
39
39
34
30
32
50
43

1.3 363
366
590
406

1.9 444
0.7 436

884
1050
803
844
561
625
357
682
686
616

1.2 554
322
377

0.3 0.1 493
777
533
518
750
770
770

0.4 Tr 508
567
561
620
466

371
426
850
555
569
551

1424
2258
1213
1810

767
913
386
840
882
803
720
469
443
603

1 108
668
676

1256
864
890
662
677
634
740
638

58

57
57
60

54
56
60
60
60
99

58
57
55
59
57

on water in a collector well owned by the Shell Oil
Company located west of Wood River immediately
adjacent to the river. The average monthly rajige in
temperature of water in the collector well varies from
about 50F during the late winter and early spring months
to about 70F during the late summer and early fall
months. Temperatures of the river water vary from
a low of about 34F during January and February to a
high of about 84F during July and August. The highs
and lows of the temperature of the water from the col-
lector well lag behind corresponding highs and lows of
the temperature of the river water by 1 to 2 months,
as shown in figure 71. During the period November 1953
to March 1958 the average monthly total hardness of wa-
ter from the collector well varied from a low of 180 to
a high of 253 ppm. During the same period the average
total hardness of the river varied from a low of 150 to a
high of 228 ppm. In general the water from the collector
well is less hard than water in wells away from the river.

The hardness of waters in the East St. Louis area, as
indicated in table 37 ranges from 124 to 1273 ppm and
averages 459 ppm. In general, water in excess of 500
ppm hardness is found in wells less than 50 feet in
depth. The iron content ranges from 0 to 25.0 ppm and
averages 6.2 ppm. The chloride content ranges from 0
to 640 ppm and averages 27 ppm. Fluoride content ranges
from 0.1 to 0.6 ppm.

The temperature of water from 121 wells in the
sand and gravel aquifer ranges from 53 to 62F and

averages 57.3F. A seasonal variation in temperatures of
water in wells is not readily apparent.

Chemical analyses and temperatures of water from
the Mississippi River at Alton and Thebes, Dlinois, are
given in tables 39 and 40 respectively.

1 4 0 1953 1954 1955 1956 P957 1956
Figure 71 . Chem i c a l a nd temperature data fo r co l l e c tor

wel l a n d Miuinippi River , 1 9 5 3 - 1 9 5 8

Kft



Table 38. Summary of Results of Periodical Chemical Analyses for Selected Wells
(Chemical constituents in parts per million)

Owner H

Western Fibre
Co.

Hartford (V)

Virginia Carolina
Chemical Co.

Missouri and
Pacific R. R.

Hartford (V)

Troy (V)
American Zinc Co.

S ite Iron„ .lumber ( f t )
3 0.9-

3.6
3 1 .6-

6.8
1 2 .3-

12.2
A 974 z.o~

50
6 5 .4-

15.0
6 0.4-

20.8
1 0.7-

16.4
2 0.1-

0.6
5 9.6-

50.4
5 15 -

23

Table 39.

Chloride
(Cl)

165-
260
ISO-
220

5-
30

2-
22

9-
28
2-

93
4-

21
3-
11
20-

119
43-

118

Chemical

Sulfate
(SO.L
388.8-
496.4
371.3-
485.5

43.4-
129.8

1 .4-
1130.1

52.2-
235.5

55.6-
374.2

ran Qoy.o-
129.4
103.1-
177.1
254.5-
744.2
260.4-
422.7

Analyses

Alkalinity
(as CaCO.

572-
872
408-
776
204-
384
272-
456
364-
428

76-
504
146-
400
264-
310
280-
392
236-
320

of Water

Hardness
) (as CaCO,]

956-
1140

820-
1100

247-
482
331-

1560
420-
532
129-
733
227-
501
3%-
464
521-

1080
SOS-
638

Totaldissolved
minerals

1400-
1894
1202-
1761

336-
580
353-

2075
473-
731
240-
963
346-
590
438-
563
624-

1596
766-

1150

in Mississippi River at

Tem-perature
CF)
59-
61
58-
64
55.5
61
55-
60
57-
62
57-
62.5
55.5
57
56-
57.5

Alton

Well number
and period
of record

Well 3
6/25/56 to 1962
Well 1
10/31/49-5/28/56
Well 2
7/5/47 to 1962
7/10/44 to 1962
South well
10/28/59-9/3/58
North well
3/10/44-10/7/54
Well 1
3/31/50 to 1962
Well 1
1/25/54 to 1962
Well 2
11/22/44-11/15/48
Well 7
1/23/61 to 1962

(Chemical constituents in parts per million)

Date

5/ 1/51
6/28/51
9/ 7/51
9/26/51

Ml 6/51
I/ 3/52
11 2/52
4/29/52
5/ 2/52
6/ 4/52
11 4/53
3/ 6/53
4/ 2/53
4/29/53
5/28/53
11 2/53
7/30/53

10/ 1/53
l l/ 5/53
12/31/53

2/25/54
3/31/54
4/30/54
6/ 2/54
6/30/54
7/28/54
9/ 1/54

]0/ 7/54
10/29/54
12/ 2/54
I/ 6/55
3/16/55
3/30/55

Laboratory
number

125197
125677
126474
126572
127175
127416
127720
128690
128746
128955
131056
131345
131622
131853
132119
132404
132600
133068
133314
133676
134103
134363
134724
134966
135189
135447
135693
135923
136135
136391
136663
137223
137321

Total
Iron Ch,r.de SulTate ^nity ^ardnes^ d.ssolved Temperature ^^
(Fej
3.6
5.9
4.0
8.3
3.5
4.5
4.6
1 .8
3.6
3.8
0.5
3.7
8.3
2.4
4.5
3.1
1 .6
1 .2
1 .4
0.6
1 .2
7.1
3 .2
4 .6
7.6
2.3
4 .3
4 .0
6.5
0.9
3.2

1 1 .6
2.2

(0 1 )

9
9

15
12
10

9
10

7
6
11
15
13
11
12
14
•DC3b
15
15
15
17
15
1 Clo
20
10
16
11
14
16
16
19
14
14

\ ov^i / \- — —— _ - _ .

54.5 120
55.1 120
62.7 144
45.9 156
61.7 180
59.4 172
71.0 160
56 2 1 36JU.*-
52.0
76.9
56.0
57.6
71.8
79.6
84.1
52.0
54.6
C1 7bl. 1
^ ̂DO .u
38.1
cr\ QbU.o
C1 fibl.o
Q^l 0C/J .V

104.8
44.8
44 .6
A O C43. b
A A O44. o
83.1
68.3
69.1
86.4
64.0

136
176
176
132
144
152
164
144
136
152
164
156
156
120
152
160
128
132J O^
152
148
144
176
176
176
160

189
189
203
210
257
245
246
202
193
256
224
176
224
240
24S
204
224
196
196
176
208
196
256
256
172
180
176
188
228
220
228
260
212

230
230
261
246
275
276
279
231
224
293
275
232
266
279
300
226
287
262
249
225
262
268
306
322
206
209
230
233
284
277
293
307
257

61.5 74
75 168
73 73
72 311
45 61
32 115
34 96
65 43
67 84
75 101
41 16
40 124
50 220
60 60
75 95
86 70
88 43
76 38
57 33
33 32
46.5 43
48 234
68 166
70.5 97
82 293
86 49
79 155
72 107
63 143
40 36
39 76
49 149
44 45



Table 39 (Continued)

Date

5/11/55
6/ 2/55
6/29/55
8/ 3/55
9/ 8/55

10/ 4/55
ll/ 4/55
12/ 7/55
12/28/55
2/10/56
2/29/56
3/29/56
5/ 1/56
6/ 1/56
6/30/56
8/ 3/56
8/27/56

10/ 1/56
10/29/56
11/28/56
12/28/56
1/29/57
3/ 4/57
3/27/57
4/30/57
5/27/57
7/ 8/57
9/11/57

10/10/57
11 / 6/57
1 1/29/57
I/ 6/58
1 /30/58
2/25/58
6/10/58

1 1/24/58

Laboratory
number

137675
137812
138071
138394
138599
138785
139004
139282
139420
139760
139983
140209
140483
140716
140928
141156
141369
141601
141796
142026
142239
142499
142812
142974
143298
143484
143871
144452
144725
145010
145239
145426
145697
145869
147827
148305

Iron
(Fe)

2.0
8.2
2.3
1 .1
1 .8
1A
0.5
0.3
0.6
0.5
1 .5
0.6
7.3
6.9
2.1
1.1
3. 15
3.7
1 . 3
0.9
1 .3
2 .9
1 .5
3 .0

10.
5 .2
3 .9
3.2
3.1
2 "i
3.5
2.8
2.7
1 . 1 )
6.3
2.6

Chlor ide(C l )
12

8
12
15
8

20
19
17
18
18
23
16
17
15
13
18
14
18
19
18
22
17
21
15
10
12
12
18
19
17
19
15
16
22
15
19

Sulfale
(SO,)

78.8
53.9
65.8
37.8
38.1
49.2
57.0
46.3
47.1
45.7
56.7
61.5
55.5
64.6
44.2
53.5
42.4
43.2
52.7
52.2
53.9
49.2
75.5
65.2
65.6
75. 1
57.6
61.1
64.8
56.8
73.8
80.8
82.3
81 .3
69.7
55.31

Alka l i n i t y
US CaCOi)

180
120
160
144
12S
144
140
156
172
168
160
152
120
136
140
140
136
140
148
144
160
140
148
140
128
144
124
144
152
134
168
162
180
186
152
1 4 8

Hardness
[as CaCO,)

252
160
220
180
172
176
188
184
204
208
228
228
172
196
168
176
164
184
180
204
204
188
212
192
184
216
194
200
204
202
230
232
260
276
208
188

TotalHissoh cd
minerals

301
212
276
211
184
238
272
245
264
273
264
289
232
262
222
255
216
222
255
249
289
227
288
251
237
295
262
248
288
260
317
303
342
346
287
275

Temperal i irrCF)
67
73
80
92
79
70
51
37
34
33
42
50
53
73
84
84
80
71
62
41
37.5
34
42
44
67
70
81.5
76
65
52
42
35
35
34
78
50

Turbidity

47
298
38
28
64
93
20
62
20
13
32
28

234
181

55
24
56
69
34
19
30
66
36
88

650
129

99
72
83
72
35
59
35
22

107
51

67



Table 40. Chemical Analyses of Water in Mississippi River at Thebes. Illinois'
(Chemical constituents in parts per million)

Tem-
Dis- Labora- pera-

charse lory <w
Date

1950
10/18
ll/ 8

1951
I/ 9
2/15
3/ 13
4/15
V 96/13
7/24
9/12

10/10
1 1 / 1 5

1952
1 / 1 0
3/20
3/ 12
4 / 1 6
6/ 1 1
6/25
7/30
8/ 6
9/10

10/30
12/ 3

1953
1 / 1 9
3/ 4
4/ 8
5/23
6 / 9
7 / 2
8 / 5
9/ 3

10/ 14
1 1 / 1 0
12/ 9

1954
2/10
3/10

4/21
5/ 4
6/16
7/ 7
8/10
9/22

10/ 4
12/ 7

1955
2/ 8
5 / 1 0
6 / 1 5
H 7
8/ 4
9/ 2

10/ 5
ll/ 2
12/ 1

1956
2 / 1 5
2/29
4/ 14
V i
6/ 1
•/ 6

. • .„„ Jo

di/'«)
103,000

86,000

101,000
119,000
303,000
413,000
410,000
802,000
344,000
228,000
305,000

156,000
480,000
308,000
547,000
198,000
257,000
162,000
149,000
125,000

74,000
84,300

69,500
179,000
337,000
242,000
170,000
227,000
128,000
118,000
67,500
70,000
71 , 100

52,800
79,000

139,000
21 1 ,000
194,000
239,000
1 14 ,000
120,000
1 13 ,000
92,000

69,900
137,000
177,000
129,000

82,900
109,000
103,000
82 , 100
52,900

69,700
88,200

113,000
188,000
144,000,
146,000

r<on and Lar

number I

123421
123582

1 24 122
124410
124705
124S87
125366
125601
126000
126468
126667
127030

127450
12B250
12B251
128480
129028
129099
129593
129660
130229
130337
130660

131031
131346
131690
13 1976
132217
132407
132642
132828
133175
133391
133607

133982
134192
134673
134888
135070
135263
135635
135489
136203
136518

136898
137641
1 379 15
138105
138357
138606
138779
139003
1 3 9 2 1 1

139B92
139960
140301
140545
140739
140981

,o* (1957)

fj

65
54

33
38
46
58
70
81
74
65
45

34
47
47

81
82

81
76

41

46
81
85
82
80
66
72
46

48
48
49
52
72
82
78
66
4«
41

42
70
62
7 1
81
67
62
52
44

41
49
52
69
7 1

Tur-

685
259

102
149
5 12
763
743
846
380
685
306
220

59
685
167
500
600
372
296
136
661
136
186

28
466
694
431
343
685

95
76
84
91
14

27
167

455
1240
1200

750
102
263
1 19
13

44
145
500
950
1 1 2
60

201
84
45

600
242

86
BO

1 1 9
198

Iron Manga-

13 .0
5.0

4 . 0
7 . 7

15 .5
30.8
28.4
5 1 . 0
13 .6
2 3 . 3
10 .6
10 .5

2 . 1
25.0
6.1

20.0
19.9
1 1 . 1
8 .6
5.2

19 .3
6.8
5 .6

2 . 1
14 .4
26. 1
15 .7

9.3
52.8

3.5
1 .8
3.6
3.7
2.3

2.2
6.4

1 1 . 0
1 1 . 0
25.0

T
T

1 .4
T

0 . 1

2 .8
5 .0
8 .6

18 .0
7.0
2 .0
1 . 1
3 .4
1 .9

1 9 .0
7 . 9
3.8
2 .8
6 .3
8 .2

1 . 1
0.6

0.3
0.5
1 . 1
2.4
1 .8
2.9
0.5
0.6
0.9
1 .3

0.3
1 .9
0.6
1 .8
1 .6
0.9
0.5
0.3
1 .3
0.3
0.3

T
0.8
1 .3
0.9
0.7
2.8
0.3
0.3
0.2
0.3
T

0 . 1
0.5
0.5
1 . 4
1 . 3
0.9
0 .3
0 . 1
0.3
0.3

0 . 1
0 .4
1 . 2
1 . 6
0 . 4
0.2
T

0.4
0. 1

1 . 9
0 .7
0 .5
0 .5
0 .5
0 .2

Alka- hard- db-,-,. Ch<r it & A= ^ M,̂ r so^^ <£& ..re,, ±J
<Fd> B<TT (Sift) (CO (SO!) (NO.) (NHO (Ca) (Mg) (Na) CO,) CO,) «rab

0.3
0.3
0.3
0.2
0.3
0.3
0.2
0 3
0.3

0.3
0.3
0.3
0.4
0.5
0.3
0.3
0.2
0.3
0.3

0.3
0.5
0.4
0.2

0.4
0.4
0.7
0.3
0.3

0 .3
0. 1
0.2
0 . 1
0.3
0.2
0.2
0 .2
0.2

0 .2
0.3
0.3
0.2
0.2
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ABSTRACT
The American Bottoms is a 210 square mile area of Mississippi River lowlands located in
Illinois directly across the Mississippi River from St. Louis, Missouri. The area includes
portions of Madison and St. Clair Counties and includes the municipalities of Cahokia, East
St. Louis, Granite City, Wood River and Alton, Illinois. In 1974, the Corps of Engineers
initiated an extensive study of flooding and drainage problems in this area and in the early
1980s the Corps of Engineers contracted with the Illinois State Water Survey for an
analysis of the groundwater hydrology of the American Bottoms aquifer system as well as
the development of a mainframe computer based digital groundwater flow model.
The results of the State Water Survey's evaluation of the groundwater hydrology along with
an overview of historical water levels and pumpage is summarized. The assumptions and
data that were used to develop the State Water Survey PLASM version of a digital
groundwater flow model are discussed to document the development of an updated
MODFLOW regional groundwater flow model that was developed in this study. The new
MODFLOW model covers a 180 square mile area of the American Bottoms. The new
model was developed for the years of 1905-1994 and was revised by the use of the PACE
method for calculating recharge along with the use of constant head cells as a model
boundary to reduce errors in the volumetric budget output. Output of the MODFLOW
model compared favorably to the output from the PLASM model developed by the State
Water Survey. Model output was compared to data from three long term observation wells
located in the Granite City area. Output was also generated to construct groundwater level
exceedance probability curves for model cells located in area of high damages due to
groundwater flooding.
The procedures used by the Corps of Engineers to estimate damages due to groundwater
flooding in the modeled area are documented. These procedures are applied to re-evaluate the economic benefits of different regional and local pumping systems designed
to manage and reduce high groundwater elevations and associated damages in the
Granite City area. The benefits and costs two example pumping systems are presented.



INTRODUCTION

Background and Purpose of the Study
In 1992, the St. Louis District of the Corps of Engineers released a final report on their
evaluation of the feasibility and economics of various measures designed to reduce flood
damages in the American Bottoms area which were the result of high groundwater
elevations. The Corps' original plan had a favorable benefit-cost ratio of 1.6, but follow-up
studies suggested that substantial costs could be required to properly treat and discharge
the pumped groundwater. Revised estimates lowered the benefit-cost ratio of the Corp's
selected plan to less than 0.80. Due to the lack of economic justification, the Corps
terminated their study and active interest in implementing any regional groundwater flood
hazard reduction measures.
In 1993, Granite City approached the Director of the Office of Water Resources andrequested that the state consider an evaluation of a limited groundwater flood hazard
reduction project for the Granite City area along with an innovative means of dealing with
the water quality issues associated with discharging the pumped groundwater. The
Director of the Office Water Resources requested that the author of this study consider the
feasibility of developing a new PC based groundwater flow model for the American
Bottoms region that could be used to design and evaluate a groundwater flood hazard
reduction project for the Granite City area. Capital funding for this project was requested
and finally authorized in 1997.
Previous Studies
A significant study of the hydrogeology of American Bottoms area was published by the
Illinois State Water Survey (Schicht, 1965). This report describes the geologic setting and
the hydrologic characteristics of the extensive sand and gravel aquifer system. The report
includes numerous historical water table maps along with estimates of recharge, hydraulic
conductivity and storage coefficients for various regions of the aquifer system. The report
also evaluates the significance of the major boundaries to the aquifer system.
In 1976, the Corps published a report entitled "Preliminary Groundwater Analysis." This
report was developed to summarize all previous studies of the American Bottoms
groundwater system and to define the extent of groundwater related problems as well as
to identify possible long term solutions to these problems. This report also laid out a plan
of study for a more comprehensive Survey Report for evaluating in detail, measures to
reduce groundwater related damages. A number of groundwater resource maps were
developed for this report. The geology and soils sections of this study are derived from this
report.
A 1984, contract report published by the Illinois State Water Survey for the Corps of
Engineers was entitled: "Ground Water Level Analysis by Computer Modeling: American



Bottoms Ground Water Study" (Schicht, R.J., J. D. Ritchey, and L.S. Weiss, 1984). This
report is an in-depth investigation of groundwater flow in the American Bottoms area.
There were five identified objectives to this study. They were 1) to compile current
hydrologic data pertaining to the area, 2) to develop a computer model (PLASM) that could
simulate the movement of groundwater, 3) to analyze existing and future groundwater
levels in the area, 4) to present alternatives to lower or maintain groundwater levels at
specified elevations in a designated area of interest and 5) to provide documentation of the
model including a user's guide. This contract report was prepared in five separate
documents and was the foundation for the development of the MODFLOW groundwater
flow model developed for this current study. Pages 13-37 of this study are derived from
this State Water Survey Report.
The St. Louis District of the Corps published a final feasibility report and draft
environmental impact statement as final documentation of their analysis of the groundwater
relating flooding problems of the American Bottoms area. This report presented in detail
the procedures developed by the Corps to evaluate the damages caused by groundwater
flooding and the resultant economic benefits of various alternatives selected to reduce
these damages. The major portions of the economic analysis sections of this study are
derived from the Corps' feasibility report.
Acknowledgments
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thanks to all the individuals who provided updated as well as historical data for this
groundwater study. Dan Marshall and Ron Dieckman of the St. Louis Corps spent
numerous hours of staff time retrieving invaluable data that was required to re-generate the
damage estimates and economic analysis used in this study. Andy Buck, Vem Knapp,
Ellis Sanderson and Ken Hlinka of the Illinois State Water Survey also provided updated
data concerning the hydrology of the American Bottoms aquifer system which was used
to extend the modeling period into the 1990's. The assistance of Jamie Dehner who wrote
the computer program used to translate river stage data into formatted input files is also
greatly appreciated.



DESCRIPTION OF THE STUDY AREA ' Up
Corps of Engineers Study
The Corps of Engineers initiated an extensive study of the groundwater problems in the
American Bottoms area in 1974. These studies were initiated as part of an overall
authority to study water resources problems in the greater St. Louis area and this study
became known as the St. Louis Metropolitan Area, Missouri and Illinois, Study ("Metro
Study"). Six separate Congressional resolutions provided for this overall study authority.
The two that were adopted in September of 1972 applied specifically to the counties in the
American Bottoms area.
During the initial scoping for this study, numerous local interests made it clear that rising
groundwater levels were causing serious problems with widespread sewer breaks, flooded
basements and related structural damages. Due to these concerns, groundwater wasadded as an eighth study purpose to the Metro Study. _,
Study Area
The name "American Bottoms" used herein refers to the Illinois side of the Mississippi
River flood plain east of St. Louis, Missouri between Alton and Dupo, Illinois. See figure
1. The area covers 175 square miles, is approximately 30 miles long, and has a maximum
width of 11 miles from the Mississippi River to the eastern bluff line. Portions of Madison
and St. Clair Counties and a small comer of Monroe County are included in the bottoms
area. The principal cities are Cahokia, East St. Louis, Granite City, Wood River and Alton.
The land use in the area is quite varied. Municipal areas such as East St. Louis, GraniteCity and Cahokia are highly developed for residential, industrial and commercial uses.
Large sections of the rural areas are devoted to agricultural use. The remaining natural
areas consist of a few large lakes such as Horseshoe Lake and lakes in Frank Holton State
Park as well as some scattered marshes and seasonal wetlands. Only a few scattered
remnants of forest remain. The American bottoms is extremely rich in prehistoric ^
resources having had the largest level of prehistoric occupation north of Mexico.
Topography
As any large floodplain area, the American Bottoms is relatively flat. Overall relief varies
from 40 to 50 feet. Maximum elevations are about 445 ft msl near the eastern bluffs in the
Roxana area and minimum elevations are slightly below 400 ft msl near the river bank and
low swales in the southern portion of the area. Since only 10 percent of the land surface
is more than 5 feet above flood stage, the area is now protected from Mississippi River
flooding by federally constructed and maintained levees.
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Surficial Geology
A detailed study of the geology of the American Bottoms was reported by Berstrom and
Walker (1956) and summarized by the Corps (1976). The American Bottoms is located
over a bedrock valley with bedrock depth averaging about 120 feet below ground level.
This valley is filled with sand, gravels, silts, and clays and because of the variations in the
bedrock surface and ground elevations, the thickness of the valley fill ranges from a few
feet near the bluffs and the Chain of Rocks area of the Mississippi River to more than 170
feet near Wood River. The valley fill is composed both of glacial materials, deposited by
meltwaters from the Ice Ages, and recent alluvium, deposited by the river during floods in
post-glacial times. Generally, the glacial materials consist of sand and gravel, and are
located near the bottom of the valley fill: whereas the alluvium may be gravel, sand, silt and
clay and is found in the upper part of the fill. At any specific location the actual composition
of the deposits can be very complex and variable. Although levees now protect the area
from Mississippi River flooding, interior stream and drainage ditches continue to erode and
redeposit surface materials. It should be noted that some of the area having the poorest
foundation conditions were actual lake bottoms less than a century ago.
Landforms
Even though the American Bottoms is a relatively flat floodplain area, there are some
significant variations in surface topography related to the unique depositional history for
each area. The Corps (1976) summarized the work of Yarborough and Chistie (1972) in
categorizing the American Bottoms into the seven general landform regions described
below. See figure 2.
Terrace Region - The terrace region lies in the northern section of the floodplain above
the confluence of the Missouri River. It is the only area where the original glacial deposits
called the Henry formation extend to the surface. This area is 10 to 15 feet higher than the
adjacent bottom lands and has very sandy, permeable soils. Portions of East Alton, Wood
River, and Roxana occupy the terrace region.
Ridge and Swale Region - This region lies adjacent to the river and is associated with the
most recent cut and fill action by the river. In the past this was a region of swampy,
partially filled watercourses, active sloughs, natural levees and sand bars. Today the old
chutes have been filled and islands attached to the mainland. Soils in this region are
variable with sandy soils generally occurring in the ridges and soft weak clays located in
the swales. Major development in this region includes portions of Cahokia, Madison, and
Granite City.
East St. Louis Rise - This region is a topographic high, although lower than the terrace
region, consisting in part of an old alluvial fan, or deposit of soil washed onto the floodplain
from the bluffs. East St. Louis occupies this region.



LEGEND

r- •«L _ j
ALLUVIAL FAN RE WON

TERRACE RE9JON
AGGRADED CUT «FILL REGION
E. ST. LOWS RISE
RIO8E a SWALE RE WON
TRIBUTARY MEANDER BELT
LAKE RE0K>N

I L L INO IS

(SOURCE: YARBOROUOH AND CMSTE. 1972)
and Corps of Engineers

Figure 2. Landform Regions
7



Lake Region - This is an area of recent oxbow lakes (old river bends subsequently cut off
by natural river changes) that were dried up by drainage projects, filling and groundwater
pumping, leaving Horseshoe Lake as the only major remaining water body. Soils in these
dried up lake areas are frequently poorly drained clays. As areas with the better soils
become developed, this area is starting to experience continued development pressures.
Tributary Meander Belt - This region consists of the areas in which Wood River and
Cahokia creeks cut through and meandered about the floodplain en route to the
Mississippi. During recent development of the American Bottoms these streams were
rerouted into major drainage ditches to reduce flooding, leaving this belt as a low area that
continues to have surface ponding problems.
Alluvial Fan Area - This is the area that parallels the bluffs and consists of relatively high
deposits of loess or sitty materials carried down from the bluffs by small streams. The town
of Caseyville is located in this region.
Aggraded Cut and Fill Region - This region is the most level in the American Bottoms
because it has been covered by clay sediments during flooding of Long Lake and Cahokia
Creek. The area suffers from localized ponding, a high water table and clay soils that
shrink and swell. This area is primarily agricultural.
Soils
As discussed previously, the types of soils that cover the American Bottoms study area are
related to their mode of deposition. The Corps (1987) described the five separate units
that comprise the majority of the unconsolidated deposits in the American Bottoms area.
These units are described below.
Abandoned Channel - This environment consists of predominately fine-grained sediments
introduced into the abandoned channel during periods of flooding. These deposits
normally accumulate slowly in thin layers. The predominant soil type found in the
abandoned channel is clay.
Backswamp - Sediments within these areas occur as thin layers deposited by the flood
waters which periodically covered portions of the flood plain. The soil types found in the
backswamp deposits are sand-silt mixtures to clays with silty clays predominating.
Point Bar - Point bar deposits extend as deep as the thalwag of the old river channel.
There are two main types of deposits within the point bar: silty and sandy elongate bar
deposits laid down during high river stages and silty and clayey deposits in depressions or
swales deposited during falling flood stages. Soil types associated with point bar deposits
vary from silty sands to clays.



Chutes and Bars - The sediments resulting from the chute and bar deposition forms more
of an irregular surface than a point bar and varies from sand and gravel at the base to silty
sand to sand ridges or bars and silty clay to clay filled chutes.
Glacial Deposits - In most of the American Bottoms area the modem surficial soils are
underlain by a relatively thick deposit of sand and gravels deposited by glacial meltwater
streams during the Pleistocene Epoch. Poorly graded, medium to coarse grained sands,
comprise the major soil type in the glacial deposits.
Surficial Deposits - Surficial deposits in the area as discussed previously are highly
variable. The Corps (1976) combined various soils with similar attributes into three
differentiated groups that are depicted in figure 3. The first group which is shown in dark
gray consists of soil associations in which most of the soils have seasonally high water
tables. This is due to the existence of clay layers near the surface that restrict the
downward movement of water to a rate less than surface recharge from rainfall. This
condition is referred to as a perched water table. Much of the soils in the lake region and
nearly all the soils in the aggraded cut and fill region fall into this category. The second
group consists of soil associations in which nearly half the land experiences seasonally
high water tables. The ridge and swale region and the East St. Louis Rise typically exhibitthese conditions. The third group consist of very sandy soils, well drained soils and is only
found in the Terrace Region.
Historical Water Levels, Pumpage and Recharge
Groundwater in the American Bottoms is a dynamic system that is constantly changing in
response to variations in rainfall, river levels, and pumpage. Regionally, groundwater
levels vary primarily with seasonal and long-term variations in precipitation, pumpage and
river stages. When precipitation is above average, water levels rise and conversely if
pumpage exceeds average rainfall induced recharge, groundwater levels will decline. The
following paragraphs summarize the major trends that have occurred since the early
1900's. Most of this information was summarized by the Corps (1976) from numerous
reports developed for the American Bottoms region by the Illinois State Water Survey. See
bibliography.
A general discussion of regional water levels was drawn from an analysis of observation
well data by Schicht, 1965. For wells remote from major pumping centers, water levels
generally receded in the late spring, summer, and early fall when discharge from the
groundwater system by evapotranspiration, by groundwater runoff to streams, and by
pumping from wells is greater than recharge from precipitation and induced infiltration of
surface water from the Mississippi River and other streams. Water levels generally begin
to recover in early winter when conditions are favorable for rainfall induced recharge and
increases in water levels are most pronounced during the spring months. Water levels
therefore are the highest in May and the lowest in December. Water levels in wells
generally have a seasonal fluctuation ranging from 1 to 13 feet and average about 4 feet.
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1900 to 1956
In a 1907 State Geological Survey study, Bowman and Reeds, stated that "Shallow wells
indicate that the water level occurs normally from a few inches to a few feet below the
surface..." This statement tends to characterize the condition of the groundwater prior to
modem development. With development came the construction of numerous levees and
drainage ditches, initially in the area of East St. Louis. In 1953, Bruin and Smith estimated
that the natural lake area had been reduced by more than 40 percent between 1907 and
1950 and that more than 40 miles of improved drainage ditches had been constructed
during that time period. They further estimated that these developments caused a lowering
of the groundwater levels by 2 to 12 feet. During the period of 1900 to 1956, groundwater
pumpage, mostly industrial, increased steadily from 2.1 million gallons per day (mgd) to
1 1 1 .0 mgd. As a result of this increase in pumping, water levels declined about 50 feet in
the Monsanto area, 40 feet in the Wood River area, and 60 feet in the Granite City area.
Due to alarming water level recessions and concern with depleted water supplies, the
Illinois State Water Survey accelerated its program of groundwater investigations in 1941.
A prolonged drought occurred from 1952 to 1956 when rainfall at Edwardsville only
averaged 34.3 inches per year, or about 6.5 inches below normal. This drought further
contributed to low groundwater levels, causing the lowest recorded levels to occur in 1956.
1957 to 1961
Groundwater levels were so low in 1956 that the Granite City Steel Company abandoned
its wells in 1957 and began obtaining its water from the Mississippi River (Schicht and
Jones, 1962). As a result of this and other reductions in pumpage, withdrawals in the area
of Granite City dropped from a peak of 31.6 mgd in 1954 to 7.6 mgd in 1958. From 1957
to 1961, groundwater levels in this area rose 50 feet. Overall pumpage in the American
Bottoms declined from 1 1 1 .0 mgd in 1956 to 93.0 mgd in 1960. Outside the area of Granite
City, the rise in groundwater levels varied from 0 to 10 feet during this time period.
1962 to 1966
During this period, pumpage increased erratically from 99.4 to 108.1 mgd (Rettz, 1968).
Pumpage was greatest in 1964 when 1 10.2 mgd was withdrawn. Pumpage in all major
centers except the Monsanto area showed an increase. Over most of the American
Bottoms, groundwater levels declined from 0 to 5 feet.
For water levels measured during the year of 1962, the Illinois State Water Survey
(Schicht, 1965) calculated a mass balance for the aquifer system that estimated recharge
from precipitation at 65 mgd, subsurface flow from the bluffs at 12.8 mgd, induced
infiltration from the river as 48.2 mgd, for a total recharge value of 126.0 mgd. The
difference between the 126.0 mgd recharge and the estimated pumpage of 96.8 mgd
amounts to groundwater flow to the river.
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1967 to 1971
During this period pumpage steadily declined from 108.1 mgd in 1966 to 79.5 mgd in 1971
(Baker, 1972). The decrease in pumpage was attributed to the closing of two large
groundwater using industries and to conservation measures being introduced by almost
all of the remaining industries. Pumpage in four of the five major centers declined with the
Monsanto area showing the largest decline. High Mississippi River stages occurred during
this time period while precipitation was normal. The rise in groundwater levels over the
period was 25 feet in the Monsanto area, 5 feet in the National City area and 10 feet in the
Granite City area. In remote areas groundwater levels again rose from 0 to 5 feet.
1972 to 1976 ' ^

-- - -- • . - ' :
/V l * - -;- . • • ' . • - - -

Above average precipitation and record long duration high river stages which included the1973 flood, existed along with the continuing decline in pumping rates. The result was
record high groundwater levels being measured in the summer of 1973. See figure 12.
1977 to 1990
Pumping steadily declined to 62.1 mgd in 1977. There was a slight increase to 68.2 mgd
in 1978 followed by continuing declines until withdrawals were down to 45 mgd in 1981.
A survey of groundwater use in 1981 estimated that industry accounted for 30.1 mgd in use(67%), municipalities used 9.5 mgd (21.5%) and the Illinois Department of Transportation
withdrew 5.1 mgd or (11.4%). The remaining 1% of use was considered for electrical
power generation. In 1990, the U.S.G.S. estimated total pumping at 20.2 mgd with industry
using 10.4 mgd and municipalities using 7.7 mgd.
Groundwater Quality
Numerous water quality studies were conducted for the Corps of Engineers during their
American Bottoms Groundwater study. A study conducted by the U.S. Geological Surveyin 1982, Voelker, 1985, concluded from the analyses of samples from 63 wells that most
constituent concentrations do not exceed State of Illinois water quality standards. The
waters are primarily of the calcium-magnesium-bicarbonate type with some calcium-sulfate
type water. Iron concentrations ranged from less than 3 to 82,000 micrograms per liter,
manganese from 5 to 5,300 micrograms per liter and dissolved solids from 140 to 3,000
milligrams per liter. These three constituent concentrations exceeded Illinois' public water
supply, effluent, and general water-quality standards in 79, 92, and 67 percent of the
samples, respectively. Concentrations of nitrate + nitrate nitrogen, fluoride, mercury, zinc,
lead and sulfate also exceeded Illinois water quality standards in a few samples from
individual wells. With the exception of one sample, containing 0.01 micrograms per liter
of Dieldren, concentrations of organic pesticides, polychlorinated biphenyls and
polychlorinated naphthalenes were below analytical detection limits in the 15 samples
analyzed for these constituents.
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ANALYSIS OF WATER LEVELS IN MONITORING WELLS
The State Water Survey conducted a detailed analysis of existing water level data as a part
of their study of the aquifer system for the Corps of Engineers. The following paragraphs
give an overview of their analysis.
Water levels in wells in the American Bottoms area have been measured periodically since
the 1940's. In the 1950's a network of observation wells was established with the main
objective of providing data on long-term trends in groundwater levels. The location of the
wells in the network are shown in figure 4.
For their analysis, the State Water Survey selected 10 key observation wells to show the
apparent effects of pumpage, river stage, and climatic conditions on groundwater levels.
Hydrographs from these wells show that water levels in the American Bottoms area
generally recede in the late spring, summer, and early fall when combinations of discharge
from the groundwater system by evapotranspiration, by groundwater runoff into streams,
and by pumping from wells is greater than recharge from precipitation and induced
infiltration of surface water from the Mississippi River and other streams. Water levelsgenerally begin to recover in the early winter when the conditions are favorable for the
infiltration of rainfall to the water table. The recovery of water levels is especially
pronounced during the spring months when the groundwater reservoir receives most of its
annual recharge. Maximum and minimum annual water levels are recorded at different
times of the year. Water levels are frequently highest in May and lowest in December,
depending primarily upon climatic conditions, pumping and the stage of the Mississippi
River.
Water levels in three wells, denoted MAD 3N8W-31.2a, MAD 3N9W-14.2c, and STC
2N9W-26.7e, reflect changes in water levels due mainly to climatic conditions.
Water levels in Mad 3N8W-31.2a have been measured since the summer of 1941 and
monthly measurements have been taken since 1953. The well is located about 1/2 mile
from the bluffs and near the Collinsville Municipal Well field. Water levels are effected by
climatic conditions and nearby pumpage in the Caseyville area and mainly the Collinsville
well field. Since pumping has only increased gradually the water levels reflect primarily
long term climatic trends. The effects of the drought conditions on water levels are clearly
shown during 1952-1956 1962-1966, 1976-1977, 1980 and 1988-1990.
Water levels in wells MAD 3N9W-14.2c and STC 2N9W-26.7e have been measured since
1956 and 1952 respectively. Both of these wells show the impacts of the drought
conditions of 1952-1956 1962-1966, 1976-1977, 1980 and 1988-1990.
Water levels in three observation wells, wells MAD 5N9W-29.4f, MAD 3N10W-12.4f, and
STC 2N10W-33.2f, reflect changes in water levels due mainly to changes in river stage.

13



N

27.5a

I Tl«
, N

SW8 No. 3®8.5g

Blast {jumacex *14.2c

31.2a.V5\_ . 4- - - - - - 1\*T •*n

* 12*7g "-L'NO'S
I I

/'/
/// 23.40

/'/ ® ' 26.7e /
//
<33.2f 1

". . MADISON CO. 1
J" ST. CLAIR CO. 1

I
•*" '

• i
• ,.'

f ''II N
ii
ii4_ j

r^.+dt*Vn

EXPLANATION i
19.7b WELL NUMBER I
. OBSERVATION WELL |T

MANUALLY MEASURED . |
OBSERVATION WELL ,N(•) EQUIPPED WITH I
RECORDING GAGE

1
R IOW R 9 W

Figure 4. Location of State Water Survey Observation Wells



Observation well MAD 5N9W-29.4f is a relief well that is located 300 yards from the
Mississippi River. It has been equipped with a automatic water level recorder since 1956.
This well clearly reflects changes in stage of the Mississippi River even though the well is
located near a large pumping center. Annual water level fluctuations have ranged from a
low of 6 feet per year in 1968 to a high of 19 feet in 1960. Water levels were above the
land surface during the flood of 1993. The lowest water level on record was measured
early in 1957.
Observation well MAD 3N10W-12.4f (Corps of Engineers relief well no. 70) is a levee relief
well located approximately 100 yards from the Chain of Rocks Canal. Water levels have
been taken monthly since 1953. The lowest annual water level fluctuations was recorded
in 1968 at 2 1/4 feet with the highest recorded in 1960 at about 13 feet which are the
corresponding years for MAD 5N9W-29.4f. Groundwater levels as a result of high river
stages were above land surface in 1960,1961, 1969,1970,1973,1974,1975,1976,1978,
1981-1987, 1990-1994, and 1996. The lowest water level was recorded in 1957. This
observation well was used for verification of the updated MODFLOW model developed in
this current study. See figure 5 and figure 25.
Water levels were measured in observation well STC 2N10W-33.2f from 1950 to the
present. The well is located approximately 100 yards from the river. The maximum annual
recorded fluctuation of 30 feet occurred in 1951 and the minimum of 18 feet occurred in
1968. The highest recorded level, less than 5 feet below land surface, occurred in 1973.
The lowest, 38 feet below land surface, occurred in 1964 and 1981.
A comparison with river stages measured near Jefferson Barracks shows the relationship
between river stages and groundwater levels in an area remote from a pumping center.
During periods of high river stages, groundwater levels are generally at lower elevations
than the river. The opposite is generally true during periods of low river stages.
Observation well MAD 3N9W-8.5g is located about 2 1/2 miles northeast of the Granite
City Pumping Center. The well was constructed for the State of Illinois for the purpose of
observing water levels and has been equipped with an automatic water level recorder since
1952. A new well, SWS No. 3 was drilled in 1979 to replace the old SWS No. 3. The wells
were measured concurrently for several months to detect any differences in water level
measurements. The hydrograph for this well is shown in figure 6. Water levels in SWS
No. 3 (MAD 3N9W-8.5g) are effected mainly by climatic conditions and pumpage at
Granite City. The lowest recorded water levels occurred in the late winter of 1957 after the
drought of 1952-1956 and during the peak period of pumping at Granite Crty. Groundwater
levels recovered after 1957 as recharge from precipitation increased and pumpage at
Granite City declined. The highest groundwater levels were recorded in 1973, 1974, 1975,
1983-1986, and 1993 due to above normal recharge conditions. This observation well was
used for verification of the updated MODFLOW model developed in this current study. See
figure 23.
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Potentiometric Surface Maps
At least 14 potentiometric surface maps are available from reports of the State Water
Survey. These maps were reviewed as part of the Survey's study of the American Bottoms
Groundwater Model for the Corps of Engineers. The summary of this analysis is covered
in the following paragraphs.
The fourteen maps that were available are listed below.

Date of Map Reference
circa 1900 Schicht and Jones (1962)
November, 1951 Bruin and Smith (1953)
December, 1956 Schicht and Jones (1962)
June, 1961 Schicht and Jones (1962)
November, 1961 Schicht and Jones (1962)
June, 1962 Schicht (1964)
November, 1966 Reitz(1968)
November, 1971 Baker (1972)
June, 1973 Schicht (1974)
September, 1973 Schicht (1974)
June, 1974 Water Survey Files
September, 1974 Water Survey Files
November, 1977 Emmons(1977)
November, 1980 Richards and Sanderson

Schicht and Jones (1962) estimated the elevations of the potentiometric surface for the
time period around 1900. This map was based on interpretation of the early drainage
system and data in Bowman and Reeds (1907). This map, figure 7 shows that prior to
settlement of the American Bottoms, the water table was very near the surface and shallow
lakes, ponds, swamps and poorly drained areas where widespread throughout the area.
Flood waters from the Mississippi River, Wood River, Cahokia Creek, Canteen Creek,
Schoenberger Creek, and Prairie Du Pont Creek frequently inundated large areas of the
lowlands. The general direction of groundwater movement was to the west and south
towards the Mississippi River. Figure 7 shows a potentiometric surface that slopes from
an elevation of 420 feet msl near the bluffs to about 400 feet msl near the Mississippi
River. The average slope of the potentiometric surface was about 3 feet per mile with a
range of 6 feet per mile in the Alton area to 1 foot per mile in the Dupo area. The slope of
the potentiometric surface was greatest near the bluffs.
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Figure 7. Drainage system and estimated elevation of potentiometric surface, circa 1900,
(from Schicht, et al., 1984).
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Development of the American Bottoms area led to the construction of levees and drainage
ditches and the resultant change in water levels. Bruin and Smith (1953) estimated that
the natural lake area was reduced by more than 40% between 1907 and 1950 and that
over 40 miles of improved drainage ditches had been constructed during the same period.
They further estimated that these developments caused lowering of groundwater levels by
2 to 12 feet. Also, the establishment of industrial centers and the subsequent use of large
quantities of groundwater by industries and municipalities had lowered water levels in the
Alton, Wood River, Granite City, National City, East St. Louis and Monsanto areas.Pumping impacts were also evident in Poag, Caseyville, Glen Carbon, Troy, and Fairmont
City areas.
From 1952 to 1956 water levels declined appreciably in the American Bottoms area as theresult of drought conditions, low Mississippi River stages and record high groundwater
withdrawals. Figure 8 shows the potentiometric surface in December of 1956, when water
levels were at record low stages at many locations. This figure clearly shows the conesof depression which developed as a result of heavy pumping. In 1956 the deepest cone
of depression was in the Granite City area.
The potentiometric surface map for November 1961, see figure 9, is similar in many
respects to the December 1956 map. A significant difference is that the cone of
depression in the Granite City area was reduced by more than 50 feet due to reductions
in pumpage. Other differences are that groundwater levels were generally lower in the
vicinity of streams and lakes in 1956 than they were in 1961.
The features of the1 November 1961 and November 1966 maps, see figure 10, were
generally the same except in the vicinity of the Monsanto area. In 1966 a reduction inpumpage caused water levels away from the river to recover.
A comparison of the November 1966 and November 1971 maps, see figure 11, indicate
major changes in the Wood River, Alton, and Monsanto areas. In November 1966, one
clearly defined cone of depression was located in the Wood River area, where water levels
were at 385 feet. By 1971, a reduction in pumpage by one industry and an increase in
pumpage by another industry caused water levels to recover in one area and decline in
another. Water levels in the Wood River area declined to an elevation of 375 feet. In the
Alton area, a shift in the center of pumpage moved the cone of depression a few miles to
the northwest. In the Monsanto area, two cones of depression are evident in 1971 as a
result of changing patterns in groundwater withdrawals.
There are significant changes between the November 1971 and the June 1973 maps, see
figure 12. Groundwater levels in June 1973 were at record high stages due to the
prolonged period of high river stages during the 1973 floods. From November 1971 to
June 1973, groundwater levels rose 15 or more feet along the Mississippi River and Chain
of Rocks Canal. Rises from 10 to 15 feet extended 1 to 3 miles from the river and canal.
Much of the area experienced rises from 5 to 10 feet. In the Wood River area a major shift
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in pumpage occurred resulting in the re-establishment of the main cone of depression 2miles to the east.
A comparison of the June 1973 and November 1977 maps, see figure 13, shows that water
levels were generally lower in 1977 as a result of recharge and river levels returning to a
more normal condition. Instead of a trough of low water levels in the vicinity of Granite City
in 1973, a distinct cone of depression was evident in 1977. A significant change should
be noted in the vicinity of the National City cone of depression. The cone has expanded
to the southeast and the southwest as a result of dewatering wells operated by the Illinois
Department of Transportation. These wells are necessary to keep water levels below
interstate highway pavements which were constructed below land surface during a period
of low water tables.
The features of the November 1977 and November 1980, see figure 14, are generally the
same. The features of the potentiometric surface maps for 1985, 1990, and 1995 (based
on provisional data from Hlinka, et al, 1997) are also generally the same and are shown
in Appendix F.

Water Level Change Maps
Water level change maps have been developed by the State Water Survey as listed below.

Dates Reference
1900 to November 1961 Schicht and Jones (1962)
December 1956 to November 1961 Schicht and Jones (1962)
June 1961 to November 1961 Schicht and Jones (1962)
June 1961 to June 1962 Schicht (1964)
November 1961 to June 1962 Schicht (1964)
November 1961 to November 1966 Reitz (1968)
November 1966 to November 1971 Baker (1972)
December 1956 to June 1973 Schicht (1974)
November 1971 to November 1976 Emmons (1978)

The change maps that depicted key seasonal, annual, 5 year, and long-term water level
changes were described by the State Water Survey in their report to the Corps of
Engineers and their findings are summarized in the following paragraphs.
The November 1961 to June 1962 change map is typical of seasonal changes in
groundwater levels. See figure 15. Water levels are frequently highest in the late spring
and lowest in the late fall or early winter depending on climatic conditions, pumping and the
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stage of the Mississippi River. Groundwater levels rose appreciably because Mississippi
River stages were higher in June 1962 than in November 1961. Groundwater levels rose
appreciably along the bluffs, the rise exceeding 7 feet in places. Groundwater level rises
along the Mississippi River exceeded 5 feet east of Wood River and east of National City
while groundwater levels also exceeded 5 feet at the northern edge of Long Lake and near
Dupo. Water levels declined less than 1 foot around Horseshoe Lake and between 1 and
2 feet in a small area near Monsanto.
The June 1961 to June 1962 water level change map is typical of annual changes in the
water table. See figure 16. Water levels rose along the river due to higher river stageswhile water levels declined inland near Monsanto as a result of heavy pumping. Water
levels declined less that a foot in the Horseshoe Lake area and in places along the bluffs.
Water levels rose in excess of 5 feet along the Mississippi River in the Alton area and
Wood River area along the Chain of Rocks Canal.
The water level change map for the period 1900 to November 1961 illustrates changes in
water levels over a long period mainly due to effects of groundwater withdrawals. Seefigure 17. The greatest declines occurred in the major pumping centers and were as
follows: 50 feet in the Monsanto area, 40 feet in the Wood River area, 20 feet in the Alton
area, 15 feet in the National City area, and 10 feet in the Granite City Area. Water levelsrose more than 5 feet along the Chain of Rocks Canal upstream of the locks were the
surface water was raised for navigation purposes. In areas remote from major pumping
centers and the Mississippi River, water levels declined an average of about 5 feet. Water
levels did not change appreciably in the area around Horseshoe Lake.
The potentiometric surface map for December 1956 (near record low groundwater stages)
was compared with the June 1973 potentiometric surface map (record high groundwater
stages). Water level changes are shown in figure 18. The greatest changes occurred in
the Granite City area where groundwater levels recovered more than 55 feet due to the
reduction in pumpage after 1957 and high river stages and favorable conditions for
recharge during 1973. Groundwater levels recovered more than 45 feet in the vicinity of
Monsanto, also due to a reduction in pumpage after 1970 and high river stages and
favorable conditions for recharge during 1973.
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Figure 16. Estimated change In water levels, June 1961 to June 1962,
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32



December 1956 - June 1973
WATER LEVEL CHANGE MAP

IN FEET \

R IOW R 9W R 8W

Figure 18. Estimated change in water levels, December 1956 to June 1973,
(from Schicht et al., 1984).



STATE WATER SURVEY GROUNDWATER FLOW MODEL |fj|
The St. Louis District Corps of Engineers contracted with the Illinois State Water Survey
(ISWS) in the early 1980's for the development of a mainframe computer based digital
groundwater flow model for the American Bottoms area. The five main objectives that
were included in the ISWS study were 1) to compile current hydrologic data pertaining to
the area, 2) to develop a computer model that could simulate the movement of
groundwater, 3) to analyze existing and future groundwater levels in the area, 4) to present
and evaluate alternatives to lower or maintain groundwater levels at specified elevations
in a designated area of interest and 5) to provide documentation of the model including a
detailed user's guide. The ISWS prepared a separate report for each study objective.
Sources of inflow for the ISWS model included water entering the system as surface water
(the Mississippi River); leakage from lakes, streams and canals; precipitation; and inflow
through model boundaries (the bluff). Outflow of groundwater from the system included:leakage to lakes, streams and canals; evapotranspiration; pumpage; and outflow acrossmodel boundaries. ^
Model Assumptions
The assumptions that define the mathematical capabilities of the digital flow model are: the
aqutfer is homogenous and isotropic in the vertical direction; recharge to the water table
occurs instantaneously; and vertical flow components are negligible when compared with
horizontal flow components.
For the assumption that the aquifer was homogenous and isotropic in the vertical direction,
the ISWS observed that wells logs show that the valley fill consists of coarse and fine
grained materials. Although there was some disparity of grain sizes present, materials
were not divided into separate unrelated zones of high and low conductivity. Theassumption that the aquifer was homogenous and isotropic in the vertical direction allows
consideration of the flow system in two directions rather than three. The ISWS noted that >-<
several past models developed for this system were done successfully in two dimensions
by using this assumption.
For the assumption that recharge to the water table occurs instantaneously, the ISWS
noted that the water table is generally at depths of less than 20 feet from the land surface.
Records from .observation wells and rain gages show that arise in the water table occurs
within a few days after a precipitation event. This is a short length of time compared to the
length of a time step used in the model which was one month. This assumption allowed
the ISWS to assume precipitation instantaneously affected recharge and that recharge
occurs during the month in which it was recorded.
Vertical flow components were considered as negligible when compared with horizontal
flow components. Generally vertical flow in a water table aquifer is not significant under
typical hydraulic gradients. This assumption is often referred to as the Dupu'rt-Forchheimer
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Theory. The hydraulic gradient between the bluff and the Mississippi River is
approximately .0068 ft/ft or 3.6 feet per mile. Vertical flow occurs in the vicinity of pumpage
under water table conditions. It also occurs along the Mississippi River due to discharge
of regional flow. The quantity of vertical flow, however is small compared to the quantity
of horizontal flow.
Assumptions made by the ISWS to describe hydrologic conditions as they exist in the
American Bottoms were: leakage from underlying indurated rocks is negligible;
groundwater flow from west of the Mississippi and Missouri Rivers has no direct impact on
water levels in the valley aquifer; the Cahokia Diversion Canal and the Prairie Du Pont
Diversion Canal Floodway are hydraulically connected to the aquifer, all others are not; the
Mississippi River stage affects groundwater levels near the river; Horseshoe Lake and
Frank Holton Lake are hydraulically connected to the aquifer; and precipitation affects
groundwater levels.
Leakage from the underlying indurated rocks was assumed to be negligible. Rocks that
lie under the valley fill are predominantly carbonate rocks that are not able to transmit
water because they are massive. In the southern part, these rocks may be able to transmit
limited quantities of water because the rocks are fractured. There is an insufficient
pressure head difference to cause significant flow between the valley fill and the indurated
carbonate rocks. This assumption allows treating the bottom of the valley fill as a zero flow
boundary.
Impacts to the shallow groundwater located west of the Mississippi and Missouri Rivers
does not affect water levels to the east of the rivers. The rivers are lines of discharge and
recharge for shallow groundwater. The rivers are a boundary to flow because they are
lines of either higher of lower head to the surrounding area. Groundwater flows from high
head to low head, and therefore either discharges to the river or is recharged by the river,
thus not impacting water levels on the opposite side. This allows the model to be
terminated at a river boundary.
The Cahokia diversion canal and the Prairie DuPont Floodway are assumed to be
hydraulically connected to the aquifer and all other canals are not. Flow directions
indicated on piezometric maps show that the canals are hydraulically connected to the
aquifer while other smaller canals such as Harding Ditch and Cahokia Canal provide
surface water drainage and do not appear to impact water levels in the aquifer.
The Mississippi River stage clearly impacts groundwater levels near the river. A
comparison of water levels in a well near the Mississippi River Gage at Jefferson Barracks
shows a close correlation that supports this assumption.
Horseshoe Lake and Frank Holten Lake have an impact on groundwater levels in the
American Bottoms. Horseshoe Lake was determined as a source of Groundwater
recharge during period of heavy pumpage in the Granite City area as was Frank Holten
Lake for nearby wells.
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Precipitation in the American Bottoms area closely affects water levels in wells. A ^f.
comparison by the ISWS of monthly total precipitation as measured at the St. Louis Airport
shows a close correlation with monthly average groundwater level fluctuations.

Development of the State Water Survey Model
The groundwater flow model developed by the Illinois State Water Survey is now
commonly known as the PLASM model. This mathematical model uses a partial
differential equation for nonsteady-state, two-dimensional (horizontal) flow in a
nonhomogeneous and isotropic aquifer. This model is described in ISWS Bulletin 55,
Pricket and Lonnquist (1971).
In the development of the PLASM model, the State Water Survey made a number of
modifications to the basic model described in Bulletin 55 which included changes to the
calculation of recharge at river nodes, calculation of recharge and evapotranspiration at
land nodes, utilization of annual pumpage data and manipulation of boundary conditions.
These changes were made since earlier versions of PLASM treated a number of these
input variables as constants throughout a simulation. Since the development of this input
data is important in understanding this model and how the data was regenerated for the
updated MODFLOW model, these modifications are described in detail in the following
paragraphs.
The calculation of the river stage at each cell was performed by in a subroutine which used
as input data, the river mile mark of each cell and the monthly average Mississippi River
stages at the St. Louis gage (mile mark 179.6). The subroutine used this input along with
a slope profile matrix to relate by interpolation, the stage at the St. Louis gage to other mile
marks and cell locations. See table 1. A further modification to river cell recharge was
performed in an additional subroutine which accounted for the variability to the hydraulic
conductivity of the riverbed based on temperature. The subroutine calculated a
temperature adjusted recharge factor based on a ratio of monthly average river
temperature and the average annual river temperature (58.33° F).

Mississippi River Slope Profiles, Mile 164 to 206
(St. Louis Gage at mile 179.6, first line in table is River Miles)

206.0
443.9
438.9
435.2
429.7
424.9
421.4
418.0
418.0

202.70
443.40
438.60
434.84
429.47
424.38
420.59
415.52
411 .04

194.00
441.80
437.50
433.67
428.20
422.92
418.32
413.90
409.40

190.40
439.20
434.60
431.10
425.90
420.20
415.30
410.00
405.45

190.30
439.10
434.50
431.00
425.70
420.00
415.00
409.60
404.87

184.30
434.20
431.30
427.74
422.65
417. 15
412.19
406.88
401.59

179.60
431.90
428.40
424.94
419.94
414.94
409.91
404.94
399.94

176.80
428.80
426.40
422.92
417.96
412.90
408.72
403.64
399.07

172.60
425.80
423.80
420.06
414.72
410.40
406.55
402.00
397.22

169.30
423.80
422.30
418.47
412.99
408.44
405.10
400.14
396.18

164.0
420.6
419.2
415.3
409.7
405.5
402.0
397.1
393.0

36



418.0 407.00 406.00 402.00 400.63 396.34 394.94 394.15 392.21 390.81 387.9
418.0 403.90 403.13 399.10 396.52 391.33 389.94 389.17 387.42 386.12 383.2
418.0 400.90 400.30 398.50 393.54 386.55 384.94 384.31 382.60 381.50 378.5
418.0 399.80 399.30 397.50 390.20 381.91 379.94 379.22 377.80 376.57 373.5
418.0 398.70 398.20 397.30 388.85 380.28 377.94 377.22 375.90 374.70 372.0
418.0 398.50 398.00 397.20 388.05 378.78 376.44 375.74 374.53 373.09 370.2
418.0 398.20 397.70 397.00 387.25 377.29 374.94 374.27 373.16 371.49 368.6

Table 1. Revised Slope Profile Matrix

A subroutine was also developed to aid in the calculation of recharge and
evapotranspiration at land nodes. The recharge factor is modified by the ratio of recorded
monthly total precipitation at the St. Louis Airport, the thirty year average monthly total
precipitation and by a monthly multiplier. The monthly multiplier converted the value of
recharge which is input as an average value for the entire year to a monthly value. The
sum of all the multipliers is 12. The evapotranspiration factor which was input as an
average value for an entire year was also modified by a factor to convert it to a monthly
value. See table 2.

Model MonthsVariable Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
AMRT
AMPT
WR
ETR

35 35
2.2 2.3
0.7 1.0
.24 .34

42
3.3
3.0
.68

55
3.7
2.5
1.1

65
4.1
2.0
1.6

75
4.0
1.0
1.8

81
3.3
0.5
2.0

82
2.9
0.3
1.6

76
3.2
0.1
1.2

64
2.6
0.2
.79

51
2.6
0.3
0.4

39
2.2
0.4
.24

AMRT = average monthly river temperatureAMPT = average monthly precipitation
WR = monthly recharge factor, (sum =12)
ETR = monthly evapotranspiration factor, (sum = 12)

Table 2. Model Variable Values for Recharge and River Stage.

The State Water Survey also manipulated the boundary conditions to accommodate some
of the extreme climate conditions that occurred during the periods simulated. Conditions
that were automatically altered in the model include the water level in Horseshoe Lake, the
water levels along the bluff and storage coefficients in areas near the bluff.
A complete set of the input data used by the State Water Survey for aquifer properties and
boundary conditions is listed in Appendix A and B.
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MODFLOW GROUNDWATER MODEL
The first objective of this current modeling effort was to translate all input data developed
for the State Water Survey PLASM model into a form useful for input into the MODFLOW
groundwater model and then develop a working transient model comparable to the State
Water Survey model. The second objective of the modeling effort was to apply the
MODFLOW model to the groundwater management flood control project developed for the
Corps of Engineers by the State Water Survey.
The groundwater modeling effort in this study utilized MODFLOW7386, a software package
supplied by Geraghty & Miller, Inc. This computer program is an enhanced version of the
MODFLOW finite difference, modular groundwater model developed by McDonald and
Harbaugh (1988) for the U.S. Geological Survey. MODFLOW is perhaps the most popular
groundwater flow model currently used by government agencies and consulting firms.
MODFLOW analyzes groundwater flow by solving a partial differential equation which
describes the three dimensional movement of groundwater of constant density through
porous material. This equation in combination with the specification of boundary and initial
conditions represents a complete mathematical expression of a groundwater flow system.
MODFLOW uses the finite difference numerical method to obtain an approximate solution
to this equation. Hydrogeologic layers can be simulated as confined, unconfined, or a
combination of both. External stresses such as wells, recharge, evapotranspiration, drains
and streams can also be simulated. Boundary conditions include specified head, specified
flux, and head dependent flux. Three iterative solution techniques, the Strongly Implicit
Procedure, Slice Successive Over Relaxation, and Preconditioned Conjugate Gradient are
available within MODFLOW?386 to solve the finite difference equations.

Model Grid and Boundaries
Finite difference modeling is based upon solving mathematical equations at nodes on a
pre-defined grid. The grid used for this study is shown as figure 19. This grid covers an
area that is 14.5 miles wide and 29.5 miles long, divided into 59 rows and 28 columns of
equally spaced Vz mile by Vi half mile grids. The modeled area covers 180.5 square miles
and includes 722 active grid cells.
The general flow direction in the modeled area is from east to west when not influenced
by nearby streams, rivers and drainage ditches. The modeled area is bounded on the east
by general head boundary cells representing input to the model at the toe of the bluffs. At
the west edge the model is bounded by river cells representing the Mississippi River. River
cells representing the Cahokia Diversion Channel also bound the model at the north edge
of active cells. Constant flux cells which represent outflow from the model are located at
the southern most edge of active cells in the grid. The model includes 64 total rivers cells,
18 cells representing lakes within the model grid, 49 general head cells and 7 constant flux
cells.
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Model Development
The basic MODFLOW model requires input data for each active grid cell in the model grid
for the following principle aquifer properties:

• hydraulic conductivity
• storage coefficient
• aquifer bottom elevation

aquifer top elevation
recharge
evapotranspiration

A completed working model requires further input for the following items:
• boundary condition factors for river and general head cells where appropriate

well pumpage information
A complete set of the input data used by the State Water Survey for the development of
the PLASM model is listed in Appendix A and B. A complete set of translated input data
for the MODFLOW model is listed in Appendix C and D.
Description of Model Input Data
Hydraulic Conductivity - Translated hydraulic conductivity values varied from 504 ft/day
down to 1.3 ft/day. This range of values was loaded into 50 zones in the MODELCAD
preprocessing program using formatted data files.
Storage Coefficient - Two values for storage coefficients were input into the model. For
cells representing an active part of the aquifer, values were set at 0.20 which correspond
to the value recommended by Schicht, 1965. For the general head boundary cells, values
were set at 1 .9E+12.
Aquifer bottom elevation - Elevations for the bottom of all grid cells ranged from 280 to
400 msl. These data were input into MODELCAD using eight zones.
Aquifer top elevation - Elevations for the top of all grid cells ranged from 369 to 600 msl.
These data were input into MODELCAD using 50 zones.
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Recharge - The subroutine developed by the State Water Survey to calculate recharge
was translated into a spreadsheet format along with input data for monthly precipitation
values from the St. Louis Airport gage. Precipitation data covered the period of 1905
through 1994. This spreadsheet generated monthly recharge rate modifiers which were
used as input to the MODELCAD generated recharge files. The MODELCAD cell specific
recharge file was generated from regional recharge rate values modified from the State
Water Survey input data. Ten recharge zones were identified from the original input data.
The rate used for the majority of the modeled area was an annual recharge rate of 7.8
inches per year. Along the bluffs recharge rates were generally set at 5.2 inches per year.
Evapotranspiration - The State Water Survey input two regional values for average annual
evapotranspiration. These values equated to 4.2 and 5.6 inches per year. These values
were then adjusted by the monthly multipliers developed in a subroutine by the Survey to
generate monthly average values for evapotranspiration.
River Cell Boundary Conditions - The subroutine developed by the State Water Survey
to select monthly river stages from gage data as well as modify bed conductance values
based on monthly average river temperatures was re-developed into a computer program
written in the C++ program language. This program was designed to generate river
module formatted input files which could be used directly by MODFLOW. Horseshoe Lake
and the two lakes at Frank Holton State Park as well as cells representing the Cahokia
Diversion Canal and Blue Waters/Prairie Dupont floodway system were also selected as
river cells to represent these interior boundaries.
Constant Flux Boundary - Seven cells at the southern most boundary of the model were
specified by the State Water Survey as constant flux cells. The flux cells were specified
in MODFLOW as a series of discharge wells with input values ranging from 1872 to 6283
cubic feet per day of outflow.
General Head Boundary - Cells located along the bluffs at the eastern edge of the model
were specified as a general head boundary. In MODFLOW general head boundary
conductance values are usually set at a large value to simulate low resistance e.g. 1 .OE+9,
although as noted by Anderson and Woessner, 1992, large water balance errors can occur
and appropriate adjustments must be made. Numerous steady state and transient model
runs were made until a conductance value of 1.0E+7 was selected as generating the most
acceptable error values in the model's water balance between inflow and outflow. See
section on constant head model runs.
Well Pumpage - The State Water Survey did a detailed study of well pumpage from the
aquifer system for the time period of 1940 to 1981 . These values were input into the model
for the transient simulations along with forecasted pumpage data generated by the State
Water Survey for the time period up to the year 2000. Pumpage from 1981 through all
subsequent years was set by the State Water Survey and the Corps as equal to the year
2000 pumpage which represents a somewhat reduced level of pumping at a regional scale.
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Model Output

Steady State Model Simulation
A steady state model was developed which used input values for average recharge and
river stages. Output from this model which depicts contours of the potentiometric surface
is shown in figure 20. There was no pumpage from the system for this model.
The results of the volumetric budget for the MODFLOW run of the steady state model
showed that 61 .88 million gallons per day (mgd) was received as recharge into the
modeled area while 51 .3 mgd left the model through river leakage. River leakage below
the Chain of Rocks lock was 24.8 mgd and above the Chain of Rocks Lock, river leakage
from the system was 10.1 mgd. Leakage into Harding Ditch in the southern area of the
model was 3.1 mgd and 3.9 mgd of leakage left the system at the northern boundary which
is the Cahokia Diversion Canal. Leakage from the system into Horseshoe Lake amounted
to 9.3 mgd. There was an interaction of 1 1 .2 mgd along the constant head cells
representing the eastern boundary of the model at the toe of the buff line. This interaction
indicates that flow can enter or leave the modeled area at the bluff line depending on the
configuration of the potentiometric surface and resultant gradients.
Transient Simulations
Model runs for the transient simulations covered a period of 90 years (1905-1994). The
State Water Survey in the development of their PLASM model used the low water period
of December 1956 and the high water period of June 1973 for model calibration and
verification. Output from the revised MODFLOW model representing contours of the
potentiometric surface for these same stress period are shown in figure 21 and figure 22.
Hydrographs showing simulated and observed water levels for three State Water Survey
observation wells located in the Granite City area are depicted in figures 23, 24, and 25.
The differences between observed and simulated water levels agree favorably with the
analysis of similar output documented in the State Water Survey model study.
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Figure 20. Stesdy Stste Model Output.



Figure 21. Transient Simulation Modal Output for December, 1



I l l '

, . . . ; . • * . ; . . . ; _ . . . ; . . . . ; . . . . ; . . . ; . . _ : . . . _ : > » ; . . . ; . . . , . - . - - - . . . , - - . ; . - - ; - . . . ; . - . , . - . ; . - - , - . . . . . ; . . . ; . . . , . . . ; . . . . .
: . . . , . . . ;S- . . ; . . . . ; . . . . . . . ; . . . LV.J . . . J . . . I . . . ; . . . . : . . . ; . . . ; . . . , . . . . .. . . . . . . . . ̂ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Figure 22. Transient Simulation Model Output for June, 1973.
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Table 3 shown below lists values in million gallons per day for the MODFLOW volumetric
budget output for the stress periods ending at the simulation periods of December 1956
and June 1973. Note that positive values indicate flow into the modeled system while
negative values indicate flow leaving the system as leakage into cells representing rivers,
lakes and general head (or constant head) boundaries.

December 1956
Cell /Boundary

Constant Head

Miss. River
(lowest 17 cells)
Miss. River(middle 12 cells)
Miss. River
(upper 5 cells)
Chain of Rocks

Cahokia Diversion
Canal North
Cahokia Canal-
Harding Ditch
South
Horseshoe Lake

Frank Holten Park
Lake

Model inflow or
outflow (mgd)
+18.52
(1 neg. cell)

-12.9

+9.57

-0.10
(3 neg., 2 pos.)
+3.83 upper 4 cells
-2. 70 lower 10 cells
-1.99

-3.60

+7.22

+0.90

June 1973
Cell /Boundary

Constant Head

Miss. River
(lowest 17 cells)
Miss. River
(middle 12 cells)
Miss. River
(upper 5 cells)
Chain of Rocks

Cahokia Diversion
Canal North
Cahokia Canal-
Harding Ditch
South
Horseshoe Lake

Frank Holten Park
Lake

Model inflow or
outflow (mgd)
+8.93 mgd
(5 neg. cells)

-2.15

+13.52

+2.10
(3 neg, 2 pos.)
+0.22 (mixed, 9 neg.and 6 pos.)
-1.68

+2.87

+0.36 (8 neg. and 8
pos. cells)
+0.09

Note: Positive values indicate flow into modeled system, negative values represent flow leaving themodeled system as leakage.

Table 3. Volumetric budget values for transient model stress periods.

49



Variations to MODFLOW Model Configuration
Pace Recharge Mode)
An extensive evaluation of recharge rates for an unconfined aquifer system area was
conducted by Clark (1994). In the development of a regional model for the Mason County
area of Illinois it was realized by Clark that recharge parameters would have a significant
impact on model accuracy and transient simulations. For the development of rainfall event
specific recharge estimates, Clark in his 1994 study used the Pace-GC model provided by
Vem Knapp of the State Water Survey.
The Pace-GC soil moisture model is a submodel of the PACE watershed model
(Durgunoglu et al., 1987) developed through the Precipitation Augmentation for Crops
Experiment (PACE) project which was initiated in the mid 1980's by the Illinois State Water
Survey. The PACE model is a quasi-distributed-parameter model which was designed and
constructed to simulate the movement of water through the hydrologic system for the
purpose of analyzing the effects of changes in precipitation. The overall PACE model is
modular in construction with major components for soil moisture, groundwater. and surface
water. The PACE-GC model is a subset of this modular structure which computes a water
balance between rainfall and recharge into shallow groundwater based daily rainfall and
temperature values along with crop type and soil characteristics. The advantage of using
the PACE model is that recharge estimates are calculated directly without the need to
estimate evapotranspiration or deal with other seasonally factors.
The American Bottoms MODFLOW model was run for the time period of 1950 through
1980 to compare the PACE recharge method with the method used by the State Water
Survey in the development of the PLASM model. Model outputs were plotted along with
the hydrographs from observation wells in the Granite City area. Model results based on
the PACE recharge model appeared to reasonably replicate the water table fluctuations
recorded in the observation wells although there was more variability in the curves from the
PACE based recharge model. The correlation coefficient for the PACE model simulations
in comparison to the observation well data was 0.855 while the correlation coefficient for
the State Water Survey based recharge model was 0.952. The relative standard
deviations were 2. 10 and 1 . 1 1 . The State Water Survey based recharge method did give
more realistic model results and therefore this method was used for all final transient model
applications. The PACE based results although, are not unreasonable and further
calibration based on improved selection of soil types and other model parameters could
improve the PACE based MODFLOW output.
Constant Head Cells
As described previously, the State Water Survey used variable head cells to represent the
eastern boundary of their PLASM model. The use of variable or general head boundary
cells in MODFLOW can cause substantial errors to occur in the volumetric budget output.
This problem was noted by Anderson and Woessner, 1992, in their text on applied
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groundwater modeling. Substantial errors were also noted in the volumetric output of this
MODFLOW model and conductance values of the general head boundary cells were
adjusted to minimize the differences between inflows and outflows. As an additional check
on the models output and validity, a transient model was developed which used constant
head cells as the eastern boundary. With this version of the MODFLOW model,
differences in volumetric totals for input and output were virtually non-existent and there
were no distinguishable differences in head elevations for the time periods used for initial
model calibration. Therefore, it appears that it is not necessary to use variable head cells
at the eastern boundary of the model unless there is specific interest and application of the
model at the toe of the bluff line.

Water Level Exceedance Probability Curves
Stage frequency graphs are commonly used by engineers to evaluate surface water gaging
records. Stage frequency information is also used by engineers to evaluate the impacts,
benefits and project economics of flood control project alternatives. At the direction of the
Corps of Engineers, the State Water Survey set up their groundwater model to generate
output which could be used to complete the economic analysis of various with and without
project alternatives to control groundwater flooding in the American Bottoms area.
Stage frequency or exceedance probability curves are a graphic presentation of a simple
statistical analysis. They were constructed to evaluate the probability that a particular
groundwater level would be equaled or exceeded during a given period of time. The
plotting position or frequency table is generated by using a formula presented by Weibull,
1939. This formula is:

p = [m/(n+ 1 ) ]x 100
where: p = exceedance probability, in percent

n = number of years of record
m = rank of event in order of magnitude, the largest event having m - 1.

Probability exceedance curves for grid cells corresponding to the three State Water Survey
observation wells located in the Granite City area are shown in the figures 26, 27 and 28.
Tables of data used to generate these curves are included in Appendix E.
The with and without project evaluation of groundwater flood control alternatives requires
model generated exceedance probability curves for each impacted cell in the project area.
Therefore, the generation of these curves or tables is the primary model output used in the
economic and feasibility stage of plan formulation that was developed by the Corps and
is documented in the following section.
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CORPS OF ENGINEERS PLAN FORMULATION AND ECONOMIC ANALYSIS
The Corps of Engineers identified two major problem areas very early on in their Metro
Study effort. One was the reports of a large number of sanitary and combined sewer
breaks caused by high groundwater levels. The other was structural damage to
basements of many homes, again blamed on high groundwater levels. A third, and
eventual major damage and benefit category, that was identified later was the infiltration
of groundwater into the sanitary sewer system causing unnecessary waste water treatment
costs.
The Corps of Engineers conducted a major data collection effort during their American
Bottoms study effort to help quantify the extent of the damages associated with the high
groundwater levels. The data collected by the Corps was referenced to the same grid
system that was used for the development of the State Water Survey groundwater model.
The following is a discussion of the extensive data collection effort conducted by the Corps
during the early 1980's.
Sewer Inventory
The Corps conducted a complete inventory of all sanitary, storm, and combined sewer
lines in the study area. Each sewer line was located by grid coordinates and the following
information was documented for each line: location (street), type (lateral or trunk), size
(inches), length (feet), depth of invert (feet), type of material, type of joint, age, condition,
dry weather capacity, wet weather capacity, and outfall location.
Municipalities, planning agencies, township governments and their consultants were
contacted to obtain all available data on these sewer systems. The data was limited to all
sanitary sewers eight inches or greater in diameter, all storm and combined sewers 12
inches or greater in diameter, and all lift stations and waste treatment plants.
Other underground utilities were also considered by the Corps. Gas, water, electric and
telephone utility companies within the study area were contacted to determine whether
significant groundwater problems currently affect or had affected their systems in the past.
It was generally found that the utility companies contacted indicated that they did not have
any significant problems due to high groundwater levels. The average depth of the utilities
within the study area is within the range of three to five feet from ground surface. Most
electric lines are above ground. The natural gas lines are high pressure lines with welded
steel connections although at one time when low pressure lines were used they reported
problems with water seeping into lines and causing problems in homes with the efficiency
of gas appliances. Telephone and water supply companies did not report any problems
due to high groundwater levels.
To determine that damages caused, to sewer systems in the study area, the Corps
conducted an extensive search to identify and analyze data regarding the occurrence of
sewer line failures, the associated repair costs, and the relationships of sewer failures to
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fluctuations in groundwater levels. This effort revealed that in the period from 1969 to 1985
there were 441 distinct and documented sewer failures in the American Bottoms study
area, or approximately 26 failures annually. The 441 sewer failures were matched by the
Corps to the corresponding sewer line segments in the study area sewer inventory. The
geographic distribution of the identified failures for the Granite City area is displayed in
figure 29.
The sewer failure data was obtained from interviews with state and local agencies within
the study area. Plans and specifications for sewer rehab projects in the area were
reviewed and local engineering firms responsible for the operation and maintenance of
these sewer systems were consulted. Flood damage Survey Reports prepared for the
Federal Disaster Assistance Administration (now FEMA) were also reviewed and
information obtained on actual breaks, location of break, date of break, depth of pipe,
depth of groundwater, extent of damage, and repair cost estimates. The cost estimates
consisted of a temporary remedial repair cost, such as by pass pumping, as well as an
estimated cost of actual repair. Most of these estimates included the cost for dewatering
which was considered a strong indication that ground water was in the vicinity of the
sewers when they failed. Granite City was cited for maintaining thorough records on the
sewer failures and groundwater conditions in their community.
The Corps found that the failure of a section of sewer line can be the result of a number
of factors that can often act in combination. Some of these include inadequate design or
changes in design assumptions after construction, inappropriate materials, faulty
construction practices and inundation by groundwater. The Corps could not find a strong
statistical correlation between breaks and any of these factors but did discuss extensively
some of the conditions and construction methods common to many of the problem sewer
lines that most likely related to cause of many of the breaks.
Many of the sewer failures have occurred in lines constructed during the mid-fifties. This
period was previously discussed as one of high groundwater withdrawals by industry and
low precipitation. Since groundwater levels were well below pipe invert elevations at this
time, it was likely that sewer lines were not designed or constructed of the proper materials
to withstand the additional stresses caused by submergence of groundwater. As
groundwater rises above the height of flow in the sewer line, the pipe is subject to buoyant
forces which will attempt to float the pipe line. If the line is not constructed for this
condition the sewer will move and break the seal at the joints or the line itself. The pipes
materials commonly used in the project area are susceptible to shearing and beam
breakage when insufficiently supported. The predominate pipe materials found were
concrete pipe, reinforced concrete pipe and vitrified clay pipe. The joints were constructed
of cement mortar, hot poured, or cold-installed bituminous material which are the types of
materials were it is hard to obtain a tight and long lasting joint. Also due to their rigidity
when set, these materials tend to break away from the bell and spigot of the pipe if
subjected to even slight deflective forces. Also, the lines in the American Bottoms were
laid in short lengths which increases the number of joints and probability for infiltration.
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Figure 29. Sewer breaks in the Granite City area.
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A route for infiltration of ground water as well as soil particles is created if deflections in the
lines break the joint seals. The soils which comprise much of the trench wall material is
mainly very fine silty sands and sandy silts which are very susceptible to erosion and
transportation by flowing water. When the hydrostatic pressure in the aquifer is greater
than that in the pipe, groundwater will naturally flow into the sewer and carry erodible soils
materials with it. The result is voids in the foundation of the sewer and also loose bedding
material can compact when inundated and then drained which will also cause the pipe to
lose support due to further creation of voids. With time, the continual removal of
foundation material will so undermine the sewer pipe that a large scale failure occurs that
is often reflected at the surface by ground subsidence resulting in damaged streets,
sidewalks and nearby structures.
In some cases the infiltrated material was collected in the sewer line and effectively
reducing or even stopping flow. Fine grained material which is not deposited in the lines
is transported through pump stations and treatment facilities resulting in increased costsfor operation and maintenance.
The Corps concluded that groundwater was the major suspect for the sewer failures,
infiltration, and subsidence damages experienced in the American Bottoms. Sewer
problems and infiltration would have occurred in the absence of the groundwater condition
due to the pipe and joint material used, the age of the pipe and the surrounding soil
material in the project area. However, the Corps concluded that the magnitude, the
intensity and the frequency of these problems were all increased by groundwater
facilitating and/or expediting these conditions. In some sewer failures, groundwater was
therefore either solely responsible or the major contributor to eventual failure.
The Corps also looked at sewer infiltration and exfiltration. Groundwater levels above the
flow line of a sewer may infiltrate the system through defective joints, broken or cracked
pipes, and/or poor connections at manholes or pipe laterals. This infiltrating groundwater
causes increased volumes of water to be treated at area waste water treatment facilities
at additional and unnecessary costs. There were thirteen major waste treatment plants
operating in the American Bottoms study area in 1986. Research of existing flow infiltration
studies on existing plants, in addition to personal contacts were utilized to determine
infiltration rates and associated dollar costs connected with this category of damage.
Infiltration rates between 7.3 and 12.2 mgd of groundwater was being treated at the
existing sanitary treatment plants.
Infiltration of water generally results from the advanced age of the sewer, soil conditions,
poor construction materials and/or poor methods of construction. The amount of water that
enters the systems is dependent upon the length of sewers within the area served as well
as the condition of soil, topography surrounding the pipes, quality of the materials used and
the quality of the construction. In addition the number of building connections, the type of
maintenance program exercised and the relative elevation of the groundwater to the sewer
all influence the quantity of infiltration that enters the system. Excessive amounts of
infiltration consumes sewer and plant capacity and infiltration also transports silts and sand
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into the sewers and pump stations. This material can accumulate over time and cause line
blockages and increased wear on pumps and related facilities which naturally cause an
increase in operation and maintenance costs.
The Corps used previous engineering studies in the American Bottoms area to determine
infiltration rates in gallons per day per inch mile (gpdim). Various methods and calculations
were used to determine these infiltration rates. The sewage treatment plant 24 hour
sewage flows into the plant were examined and adjusted to reflect the flows that did not
reach the plant due to known by-passes and overflows. Electric power consumption
records were examined to determine the quantity of flows being pumped from the lift
stations within the collection system since the stations were not equipped with flow meters.
Sanitary flows were estimated by assuming a percentage of the metered water used by
consumers within a given time period will return as waste into the sewer system. Estimates
for major industries and major water consumers were developed from contacts with each
establishment. Where infiltration rates were not previously calculated, estimates were
determined after consulting with the city engineers, waste water treatment plant
superintendents and relations to infiltration rates from adjacent areas.
Infiltration was then estimated by subtracting the 24 hour sanitary flow from the 24 hour
waste water flow. The amount of infiltration does vary throughout the year depending upon
the variations in ground water levels above the sewer flow line. Due to these variations in
groundwater levels, minimum and maximum rates of infiltration were determined. It was
assumed from reviewing available waste water flow information that the maximum
infiltration occurs from February to July and the minimum from August to January.
Inch miles of pipe is equal to the diameter in inches of a pipe times its length in miles. The
summation of the diameter times their respective lengths equals the inch-miles of pipe in
the collection system. This summation of inch-miles of pipe was divided into the total
amount of infiltration attributed to the corresponding collection system to obtain a unit rate
in gpdim for the collection system. The infiltration quantity was then allocated to each
system grid based on the infiltration rate of the corresponding treatment plant and the inch-
miles of pipe submerged within each grid.
The Corps also considered exfiltration which is the outward flow of water from the sewer
pipe through defective joints, broken or cracked pipes and poor connections at manholes
or pipe laterals.
The conditions that contribute to infiltration do not necessarily contribute to exfiltration.
Most sewers are designed to flow partially full: therefore any cracks or defects that are
within top portion of the pipe are where no exfiltration should occur during normal flow
conditions. Also, the hydrostatic pressure that causes infiltration to occur on the weak or
defective joints is nonexistent once the groundwater is below the flowline of the sewer.
The same cracks and defective joints that allow infiltration to occur, in many cases, will be
sealed with debris settling out, thus eliminating or minimizing the avenue for exfiltration.
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Exfiltration has probably occurred in the past due to historical fluctuations of groundwater
levels. Any dewatering project is not expected to cause an acceleration in exfittrationcompared to what has naturally occurred.
Corps Benefit Categon'es
The Corps identified three National Economic Development (NED) benefit categories for
the evaluation of potential project related benefits in the American Bottoms study area.
NED benefits are the increases in the value of the nation's goods and services as a result
of positive project impacts. The NED categories in the study area were: 1) groundwater
related damages incurred by structures with basements; 2) repair costs of structuralfailures in sewer lines in the study area caused by fluctuations in groundwater levels; and
3) infiltration of groundwater into the sewer systems necessitating increased waste water
treatment costs. The Corps felt there were other potential NED benefits categories in the
study area but choose to identify these three as the main areas of potential benefit.
Existing Damages Identification
Structures with Basements
Inventory of Structures - The identification of those residential structures with a
groundwater problem was accomplished by the Corps through the use of two
questionnaires. (Note that virtually no commercial structures in the study area have
basements.) The first questionnaire was a business reply postcard mailing which was
made in two phases, the first going to a single zipcode in Madison county (Granite City)
and the second phase to all remaining zipcodes within the study area recommended for
further study. There were 17,000 cards sent to the Granite City area and 30,000 mailed
to the remaining zipcode areas. Key questions asked were whether the residence had
problems with water in the basement and if so when; was there water seeping in the
basement now; and were there cracks in the basement floor or walls. The number of
completed and returned post cards was 2,701 and this was the assumed number of all
structures potentially damaged by high groundwater levels.
The second questionnaire was more detailed and was sent to those respondents of the
first questionnaire who had indicated that their residence had a potential groundwater
problem. This questionnaire asked for more specific information regarding the occurrence
of water problems in the basement; the relationship of water problems with rainfall periods;
type of foundation; type of basement - finished or not; detail as to any actual structural
damages incurred; and measures taken along with money spent to prevent reoccurrence.
There were 1,343 respondents to this questionnaire
The Corps used the State Water Survey output to screen the 1,343 respondents to
eliminate those which never had groundwater within 8.6 feet of the first floor elevation. The
first floor elevations were determined by a field survey of all the respondents to the first
questionnaire. The figure of 8.6 feet below the first floor elevation was chosen to represent
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the typical depth of a basement and foundation below first floor levels. Those structures
which the model predicted had groundwater within 8.6 feet of the first floor were assumed
to be affected by groundwater. A total of 774 existing residential structures in the study
area were found by this comparison to have potential groundwater problems. The
geographic distribution of the screened respondents in the Granite City area is displayed
in figure 30.
To estimate the economic losses occurring in the American Bottoms study area to
residential structures with basements, the Corps used historic real estate sales data
concerning actual market transactions to measure the impacts on housing values of
groundwater levels reaching the basement of a residential structure. The difference in
market values resulting from groundwater related problems in similar structures should be
a reasonable estimate of the capitalized annual economic losses over the life of the
structure. A sample of all transactions occurring in the period from 1979 through 1984 was
collected for any residence responding to the second questionnaire and identified by the
State Water Survey model as a structure with potential groundwater related damages. The
data was compiled from summary of sales information contained in the Granite City
Realtors Multiple Listing Service. Data included date of sale, location, purchase price, lot
size, number of rooms, number of bedrooms, size of garage or carport if present, size and
condition of basement, and other pertinent data that could affect the purchase price of the
structure. Also, integrated into this data set was the estimate of the relative frequency by
the State Water Survey model for groundwater reaching the structure's basement
elevation. The data set consisted of 42 observations of real estate transactions in the
Granite City area. The purchase price information was updated to October 1984 price
levels and later economic loses were updated to 1997 price levels.
The Corps used the data to conduct a "principal components" analysis that found that one
factor could be used to explain 65 percent of the correlation of the original variables. The
factor appeared to be some weighted measure of the usable space of the residence.
The value of this factor was then computed for each residence in the sample of
transactions and used in a multiple regression model to explain the observed adjusted
purchase price (market value) in each transaction. The historic frequency, as given by the
State Water Survey model, of groundwater reaching the estimated level of the residence's
basement was also included as an explanatory variable in the regression equation. The
computed regression equation is:

ADJPRICE = ($19973.37 *FACTOR1)- ($16376.42 * FREQ)
where: ADJPRICE = the purchase price in October 1984 prices

FACTOR1 = the principle component factor
FREQ = the estimated frequency of groundwater reaching a level

within 8.6 feet of the first floor elevation.
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Figure 30. Distribution of structures affected by groundwater.
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This equation estimates the dollar impact of varying frequencies of having groundwater
levels reach the estimated basement elevations of residences in the American Bottoms
study area. The regression equation was specifically designed to separate the impacts of
groundwater from the other components of housing values. The results of the regression
equation were used to estimate the existing economic losses in the study area due to
groundwater flooding. The coefficient of the groundwater frequency yields the loss in value
of a structure related to groundwater problems. For example, a residence which has never
experienced groundwater at a level equal to the estimated basement elevation (FREQ=0)
would incur no loss of value. A residence which always had groundwater at a level at least
equal to the estimated basement elevation (FREQ=1) would incur a loss in value equal to
$16,400. Assuming that the estimated loss in value represents the capitalized average
annual damages related to given groundwater frequencies, average annual groundwater
damages may then be computed as a function of groundwater frequencies.
Using an estimated life of 50 years for a residential structure and a real interest rate of 5.34
percent (Social Rate of Discount, Office of the Chief of Engineers, June, 1983, TABLE 5.4,
page 32) for household sector of the economy yields:

AVERAGE ANNUAL DAMAGES = (FREQ * $944.58)
where the FREQ represents the State Water Survey model estimate for the frequency of
groundwater reaching the structures basement. The figure of $944.58 represents the
average annual equivalent in 1984 dollars for a period of 50 years of a present value of
$16,376.42 at 5.34 percent annual real interest.
Computing this figure in 1997 dollars for the 774 residences in the study area and
summing, yields an estimate of $223,271 for the average annual existing groundwater
related structural damages.

Sewer Failures
The data collected by the Corps, and described above, concerning sewer failures was used
through a statistical analysis to determine breaking probabilities. The 441 sewer failures
that were identified were matched with their respective average invert elevation, to the
State Water Survey estimate for the frequency of groundwater reaching the invert
elevation. The Corps used the data collected in an attempt to relate meaningful variables
to sewer line failures. All of the statistical models that they developed were unsatisfactory
in their relationship to actual historic sewer line failure patterns. While the models did
accurately and significantly predict overall sewer failure rates, the geographic locations of
the failure, which is important to direct project benefit calculations, were poorly predicted.
Some undetermined factors appear to make some sewers more likely to fail than others.
Three potential factors could be site specific geology, site specific soil conditions, and
specific construction techniques. The frequency of groundwater overtopping the sewer
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invert elevation does, however, impact on overall failure rates. With these results the
Corps based their benefit calculations on the following assumptions:

1) Any failure in a sewer line predicted by the State Water Survey model to never
have had groundwater above the invert elevation is not groundwater related
(there were 50 over the 17 year period), and

2) All other sewer failures are groundwater related (there were 391 failures of this
kind in the 17 year period or approximately 23 annually).

The Corps also collected data on the actual costs of repairing the failures identified which
included permanent repair costs as well as emergency costs. Cost were available for 219
of the 391 groundwater related failures identified from 1969 through 1985 in the study area.
A multiple regression was performed to analyze the data so that costs could be estimatedfor the repair of failures where cost information was not available. The regression
developed is as follows:

cost = ($1797.23 * diam) + ($2035.49 * depth)
With this equation the Corps calculated that the total repair costs for the 391 failures over
the 17 year period of record was $1,096,000 annually. The Corps added to these costs
the emergency costs to bypass the sewer failure before repairs were completed which
were estimated from available data to average $4,422 per failure or $101,800 annually in1984 dollars. These cost generally consisted of the setup, operation and maintenance of
a bypass pump until permanent repairs were accomplished.
Summing the permanent and emergency repair costs gives an expected average annual
failure repair cost for existing conditions of $900,076 in 1997 dollars. This figure
represents the economic losses occurring as a result of groundwater related sewer failures
in the Granite City area.

Sewer Infiltration
Damages caused by sewer infiltration were described previously as the increased volumes
of water that has to be treated in the study area at wastewater treatment facilities and theresulting increased total treatment costs. The Corps identified six major wastewater
treatment plants that were operating in the study area in 1986. The total volume of water
treated at each plant varies throughout the year as a function of rainfall, infiltration, system
usage, and other variables. The estimated volume of groundwater infiltration treated at
each facility as well as the total inch-miles of sewer collection systems serviced is
displayed in the table below. The volume treated is displayed for wet and dry periods
(consisting of 3 month averages each) emphasizing the very large differences in volumes
treated as a result of greater infiltration amounts during relatively wet periods.
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Treatment Plant Wet Dry Inch-Miles
(millions of gallons per day)

Cahokia 1 .69 1 .08 814
Landstone 3.32 0.00 510
East St. Louis 3.47 3.22 3,934
Granite City 2.52 2.04 1,356
Dupo 0 . 18 0 . 14 97
Collinsville 1 .05 0.84 65

The Corps contacted the individual treatment facilities to determine treatment costs per one
thousand gallons per day. The total annual costs for treatment at each major plant is included
in the table below. Figures are updated to 1986 price levels.

Treatment Plant Volume Unit Costs Total Cost
(million of gallons per year) ($ per thousand gallons)

Cahokia 505.525 0.64 $323,536
Collinsville 344.925 0 . 19 65,536
Dupu 58.400 1 .65 96,360
East St. Louis 1220.925 0.64 781,392
Granite City 832.200 0.44 366,168
Landstone 605.900 0. 19 1 15, 121
Total 3567.875 0.49 1 ,748, 1 16

The total average annual damages in 1997 dollars for sewer infiltration in the Granite City
area were calculated at $647,596.
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Summary of Exfeting Damages in the Granite City Area
The summary of estimated average annual groundwater damages as calculated through the
use of the Corps methodology is listed below as adjusted to 1997 price levels. The
distribution of average annual damages as calculated with the revised model for the Granite
City area in 1984 dollars is shown in figure 31.
Damage calculations are presented in some graphics in 1984 dollars to allow for a
comparison of the results of the revised model and economic analysis with the results of the
initial Corps study. A factor of 1.4 to 1.5 can be used in general to update the 1984 values
to 1997 values. A factor of 1.4 was derived from a review of the construction cost index and
the building cost index published in the Engineering News Record. A factor of 1.5 was
derived from changes over this time period in the consumer price index.

Damage Category Ave. Annual-1997 Price Level
Sewer Line failures $900,076
Sewer Infiltration $647,596
Structures with Basements $223,271
Total $1,770,943

Benefit Computation Methodology
The Corps assumed that all potential projects plans would have a 100 year economic life.
Also, all NED project impacts were initially expressed at October 1984 price levels using a
discount rate of 8-7/8 percent to annualize both NED benefits and costs. (A discount rate
of 7-5/8 percent was used for the 1997 calculations of benefits and costs over a 50 year
project life.) The without project condition was taken to be that there would be little change
in the economy of the American Bottoms study area. Groundwater withdrawal rates will
increase only slightly through the future of the project with a slight reduction in future without
project damages. These somewhat reduced damages become the basis for the potentialbenefits for each project alternative. The specific methodologies employed to estimate
project impacts in each of the three quantified NED benefit categories are described below.
Structures with Basements
The following assumptions were employed by the Corps and in this study to estimate the
NED benefits of project alternatives for residential structures.

1) Future without project damages for a structure are equal to the projected without
project future frequency groundwater reaching the basement elevation multiplied
by the $944.58 figure calculated above.
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10

American Bottoms Groundwater Model
Economic Analysis - Average Annual Damages
for Granite City Area - 1984 Dollars

First no. equals damages due to basement flooding
Second no. equals damages due to sewer Infiltration
Third no. equals damages due to sewer failures

12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

6 7 6 9 10 11 12 13 14 15 16 17 IB 19 20 21 22 23 24 25 26 27 28 29

Figure 31. Distribution of average annual damages in the Granite City area.
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2) Future with project damages for residential structures are equal to the with project
estimate of the frequency of groundwater reaching the basement elevation
multiplied by $944.58. (A factor of $1766 in 1997 dollars.)

3) The average annual NED benefits of the project are the difference between the
without project average annual total future losses and the total with project
average annual groundwater related losses.

Sewer Failures
The following assumptions were employed by the corps and in this study to estimate the
NED benefits of project alternatives for sewer failures.

1) Sewer failures appear from the historical record to be centered in specific sewer
lines and geographical areas. The without project condition was assumed by the
Corps to be that the same sewer lines that have failed in the past will continue to fail
at the same rates into the future, proportionately adjusted to reflect changes in
groundwater overtopping the invert elevation. A sewer line that has not failed in thepast was assumed to not fail in the future under the without project condition.

2) If a sewer line has failed in the past, the expected number of annual breaks in that
sewer line were reduced proportionately by the relative decrease in the frequency
of the groundwater overtopping the invert elevation in the with project future
compared to the without project future.

3) Failure in sewer lines not currently groundwater related as measured by the
groundwater model were projected to continue to occur at the same rates with or
without a project

4) Annual NED benefits for a project alternative were the decrease in annual expected
sewer failure repair costs with the project from the without project annual expected
sewer repair costs.

Sewer Infiltration
The following assumptions were employed by the Corps and in this study to estimate the
NED benefits of project alternatives.

1) The without project future condition was assumed to be that existing annual
infiltration rates will continue with a proportional adjustment for a decrease in
expected annual inch-miles of sewer lines below groundwater levels. Infiltration
rates per inch-mile of overtopped sewer line will remain constant in the future,
however, the expected inch-miles of sewer lines overtopped will decrease as a
result of the slightly increased without project future groundwater withdrawal rates.
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2) The with project future will reduce expected annual groundwater infiltration
levels as a result of decreasing the expected amount of inch-miles of sewer
line below groundwater levels. The reduction in infiltration levels will be
proportional to the decrease in expected inch-miles of pipe under groundwater
levels.

3) Unit costs for treatment of groundwater infiltration will not change over the life
of the project.

4) The annual NED benefits of the alternatives resulting from the reduction in
infiltration levels are the annual expected without project wastewater
treatment costs less the annual expected treatment costs with an alternative
in place.

CORPS OF ENGINEERS PROJECT PLAN DEVELOPMENT
The Corps of Engineers used the State Water Survey model to evaluate the
effectiveness and economic impacts of at least six pumping systems with various
distributions of pumps and pump capacities. Total pumping capacities ranged from
17.24 to 103.5 mgd. The selected region-wide NED plan had a designed capacity
of 41 .25 mgd and the distribution of the 17 pumps in the Granite City area is shown
in figure 32. The distribution of average annual economic benefits in the Granite
City area for this plan is shown in figure 33. These benefits are based on output
from the updated MODFLOW model.
ECONOMIC EVALUATION OF A ONE MGD PUMPING SYSTEM
An economic analysis was also developed using the MODFLOW model for a one
mgd pumping system located in Granite City at model cell location ( row-25,
column-16). This location is centered in the area of highest average annual
damages in Granite City. The distribution of average annual benefits for the three
categories of damages is shown in figure 34. Average annual benefits are as
follows:

$1 1 ,608 for structures
$44,056 for sewer infiltration
$38,261 for sewer breakage

Total annual benefits equal $93,925. The estimated annual operating and
replacement cost of a one mgd system is $16,065 based on previous Corps of
Engineers estimates updated to 1997. With these annual values and the criteria
that any proposed project must meet a favorable benefit / cost ratio, the maximum
first costs for project construction could be no greater than $995,200 based on a
current project discount rate of 7-5/8 percent applied over a fifty year project life.
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American Bottoms Groundwater Model
Pumps Locations and Sizes (MGD) for
Corps Selected NED Pump Project

6 7 6 9 10 11 12 13 14 15 16 17 IB 19 20 21 22 23 24 25 26 27 28 29

m

6 7 B 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

Figure 32. Pump size and location for Corps of Engineers selected NED plan..
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American Bottoms Groundwater Model
Economic Analysis - Benef its in 1984 dollars
for Corps selected NED Pump Project

First no. equal benefits due to reduced basement Hooding
Second no. equals benefits due to reduced sewer Infiltration
Third no. equals benefits due to reduced sewer failures

10 1 1 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

6 7 8 9 10 H 12 13 14 15 16 17 IB 19 20 21 22 23 24 25 26 27 28 29

Figure 33. Distribution of average annual benefits for Corps of Engineers selected NED plan.
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American Bottoms Groundwater Model
Economic Analysis - Benefits in 1997 dollars
for a 1 mgd Pump Project at cell (25,16)

First no. equal benefits due to reduced basement flooding
Second no. equals benefits due to reduced sewer Infiltration
Third no. equals benefits due to reduced sewer failures

IB II 12 13 14 15 16 I? 18 19 20 21 22 23 24 25 26 27 28 29

B 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
Figure 34. Distribution of average annual benefits for a one mgd pumping system

at cell location (25,16).
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APPENDIX A
PLASM Groundwater Model Input Data.



COL

A
A
A
A
A
A
A
A
A
B
B
B
B
B
B
B
B
B
B
C
C
C
C
C
C
C
C
C
C
c
c
D
D
D
D
D
D
D
D
D
D
D
D
E
E
E
E
E
E
E
E
E
E
E

ROW T S INITIAL

1
2
3
4
5
6
7
8
9
1
2
3
4
5
6
7
8
9
10
1
2
3
4
5
6
7
8
9
10
11
12
1
2
3
4
5
6
7
8
9
10
1 1
12
1
2
3
4
5
6 •
7
8
9
10
1 1

HEAD
gpd/ft ft. msl
22.E+04 2.6E+06 390
22.E+04 2.6E+06 390
16.E+04 2.6E+06 395
11. E+04 2.6E+06 395
1 1 .E+04 2.6E+06 395
11. E+04 2.6E+06 395
OO.E+00 1.0E+20 420
OO.E+00 1.0E+20 420
OO.E+00 1.0E+20 420
25.E+04 2.6E+06 390
22.E+04 2.6E+06 390
22.E+04 2.6E+06 390
22.E+04 2.6E+06 390
22. E+04 2.6E+06 390
22.E+04 2.6E+06 390
11. E+04 2.6E+06 395
11. E+04 2.6E+06 395
11. E+04 2.6E+06 395
OO.E+00 1.0E+20 420
25.E+04 2.6E+06 390
25.E+04 2.6E+06 390
25.E+04 2.6E+06 390
25.E+04 2.6E+06 390
25.E+04 2.6E+06 390
13.E+04 2.6E+06 390
13.E+04 2.6E+08 390
13.E+04 2.6E+06 390
13. E+04 2.6E+06 390
13.E+04 2.6E+06 395
11. E+04 1.0E+20 420
OO.E+00 1.0E+20 420
OO.E+00 2.6E+06 390
25.E+04 2.6E+06 390
25.E+04 2.6E+06 390
25.E+04 2.6E+06 390
25.E+04 2.6E+06 390
25.E+04 2.6E+06 390
13 E+04 26E+06 390
13.E+04 2.6E+06 390
13.E+04 2.6E+06 390
13.E+04 2.6E+06 390
1 1E+04 2.6E+06 395
11 . E+04 26E+06 395
25E+04 26E+06 390
25E+04 2.6E+06 390
25.E+04 2.6E+06 390
33.E+04 2.6E+06 390
25E+04 26E+06 390
25. E+04 26E+06 390
25.E+04 2.6E+06 390
25.E+04 26E+06 390
13E+04 2.6E+06 390
13.E+04 2.6E+06 390
13 E+04 26E+06 390

CONST.
RATE
gpd

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

50000
50000
50000
50000

0
0
0
0
0
0
0
0

50000
50000
50000
50000
50000
50000
50000
50000

0
0
0
0

50000
50000
50000
50000
50000
50000
50000
50000
50000
50000

0

RECHARGE
FACTOR
gpd/ft

6.70E+03
6.70E+03
1.06E+07
1.06E+07
1 .06E+07
1.06E+07
O.OOE+00
O.OOE+00
O.OOE+00
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
1.06E+07
1.06E+07
1.06E+07
O.OOE+00
1.00E+04
1.00E+04
1.00E+04
1.00E+04
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
1.06E+07
O.OOE+00
O.OOE+00
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
6.70E+03
6.70E+03
1.06E+07
1.06E+07
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1 .OOE+04
1.00E+04
1. OOE+04
1. OOE+04
6.70E+03

LAND
ELEV.
ft. msl

400
400
395
395
395
395
430
430
430
400
400
400
400
400
400
395
395
395
430
400
400
400
400
400
400
400
400
400
395
430
430
400
400
400
400
400
400
400
400
400
410
405
395
400
400
400
400
400
400
400
400
405
405
400

STREAM
BED ELEV

ft. msl
395
385
369
370
370
370
420
420
420
385
385
385
385
385
385
370
370
370
420
385
385
365
385
385
385
385
385
385
371
420
420
385
385
385
385
385
385
385
385
385
385
372
372
385
385
385
385
385
385
385
385
385
385
385

S
. W.T.

1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1.0E+20
1.0E+20
1.0E+20
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1.0E+20
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1.0E+20
1.0E+20
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1 .OE+07
1. OE+07
1. OE+07
1 OE+07
1. OE+07
1 OE+07
1 OE+07
1 OE+07
1. OE+07

TOP
AQUIFER
ft. msl

400
400
369
370
370
370
430
430
430
400
400
400
400
400
400
370
370
370
430
400
400
400
400
400
400
400
400
400
371
430
430
400
400
400
400
400
400
400
400
400
410
372
372
400
400
400
400
400
400
400
400
405
405
400

HYDRAU.
CONDUC.
gpd/sq. ft.

2700
2700
3296
2170
2170
2170

0
0
0

2050
2700
2700
2700
2700
2700
2170
2170
2170

0
2050
2050
2050
2050
1637
1637
1637
1637
1637
2142

0
0

2050
2050
2050
2050
2050
2050
1637
1637
1637
1637
2115
2 1 15
2050
2050
2050
2758
2050
2050
2050
2050
1637
1637
1637

BOTTOM
AQUIFER
ft. msl

320
320
320
320
320
320
300
300
300
280
320
320
320
320
320
320
320
320
300
280
280
280
280
320
320
320
320
320
320
300
300
280
280
280
280
280
280
320
320
320
320
320
320
280
280
280
280
280
280
280
280
320
320
320

MISS.
RIVER Ml.
miles
00
0.0

169.6
170.1
170.6
170.9
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

171.7
172.0
172.3
o.a
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

172.9
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

173.9
173.9
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

SPECIFIED
FLUX
gpd

-4.7E+04
-4.7E+04
-5.7E+04
-3.7E+04

-1.5E+04

-1.5E+04

-1.5E+04

-1.5E+04

A-1



COL ROW T S

E
E
E
E
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
1
1
1

12
13
14
15
1
2
3
4
5
e
7
B
9
10
11
12
13
14
15
1
2
3
4
5
6
7
B
8
10
11
12
13
14
15
16
17
3
4
5
e
7
8
9
10
11
12
13
14
15
16
17
5
6
7

gpd/ft
11.6+04 2.6E+08
11.E+04 2.66+08
11.E+04 2.6E+06
OO.E+00 1.0E+20
23.E+04 2.6E+08
23.6+04 2.6E+08
23.E+04 2.6E+06
33.E+04 2.66+08
33.E+04 2.8E+06
33.6+04 2.6E+08
33.6+04 2.66+08
33.6+04 2.66+06
25.E+04 2.66+06
22.6+04 2.66+06
22.E-KM 2.6E-KM
13.6+04 2.6E+08
13.E+04 2.66+08
87.06+3 2.66+06
87.06+3 2.6E*O8
22.6*02 1.06+20
22.6+02 1.06+20
15.E+04 2.66+08
32.6+04 2.66+06
32.6+04 2.66+06
32.6+04 2.66+06
32.6+04 2.6E*06
32.6+04 2.6E+08
33.E+04 2.66+06
25.6+04 2.66+06
22.6+04 2.66+06
22.6+04 2.6E+08
13.6+04 2.66+08
22.6+04 2.66+06
87.06+3 2.6E+06
87.0E+3 2.6E+06
OO.E+00 1.06+20
22.E+02 1.0E+20
22.E+02 1 .06+20
32.E+04 2.6E+06
32.E+04 2.6E+06
32.6+04 2.6E+06
32.E+04 2.6E+06
32.E+04 2.6E+06
25.E+04 26E+06
25.E+04 2.6E*08
22.E-KM 2.6E*08
13.E+04 2.6E+08
12.E+04 2.6E*O9
12.E+04 2.6E*08
87.0E+3 2.6E-HJ6
87.0E+3 2.6E*06
22.E+02 1.0E+20
30.E»04 2.6E+06
30.E*04 2.6E+08

INtTlAL CONST. RECHARGE LAND
HEAD RATE FACTOR ELEV.
ft. msl

395
395
395
420
395
390
390
390
390
390
390
390
390
395
395
390
390
395
395
400
400
395
395
390
390
390
390
390
395
395
395
390
395
395
395
430
400
400
395
395
390
390
390
395
395
400
395
395
395
395
395
400
385
395

gpd
0
0
0
0

50000
50000
50000
50000
50000
50000
50000
50000
50000
50000

0
0
0
0
0
0
0

50000
50000
50000
50000
50000
50000
50000
50000
50000
50000

0
0
0

• o
0
0
0

50000
50000
50000
50000
50000
50000
50000

0
0
0
0
0
0
0

50000
50000

gpd/ft
1.08E+07
1.06E+07
1.08E+07
O.OOE+00
1.00E+04
1.00E+04
1.00E+0*
1.00E+04
100E+O4
1.006+04
1.00E+O4
1.00E+04
1.00E+04
1.006*04
9.70E+03
6.706*03
870E+03
1.066+07
1.086+07
0.006+00
0.006+00
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.00E+04
6.706+04
6.706+03
1.086+07
1.086+07
0.006+00
O.OOE+00
O.OOE+00
1.00E+04
1.00E+04
1.00E+04
1.006+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
6.70E+03
6.70E+03
6.70E+03
1.08E+07
1.08E+07
O.OOE+00
1.00E+04
1.00E+04

ft. msl
407
407
395
430
405
405
405
400
400
400
400
405
405
405
405
407
408
409
395
000
600
425
415
418
418
410
408
408
405
405
410
408
407
415
395
430
600
600
405
415
410
408
408
416
410
404
406
406
406
409
409
600
405
405

STREAM S
BED ELEV. W.T.
ft. msl

372
372
372
420
390
390
390
385
385
385
385
385
385
390
390
390
300
372
372
590
590
390
390
390
390
385
385
385
390
390
390
372
390
372
372
420
590
590
390
395
395
395
390
390
390
372
390
390
390
372
372
590
390
390

1.06+07
1.06+07
1.06+07
1.06+20
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.0E+07
1.06+07
1.06+07
1.06+07
1.06+07
1.0E+07
1.06+20
1.06+20
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+20
1.06+20
1.06+20
1.06+07
1.06+07
1.06+07
1.0E+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.0E+07
1.0E+07
1.06+07
1.0E+07
1.06+20
1.06+07
1.06+07

TOP HYDRAU.
AQUIFER CONDUC.
ft. msl

372
372
372
430
405
405
405
400
400
400
400
405
405
405
405
407
408
372
372
600
600
425
415
418
418
410
408
408
405
405
410
372
407
372
372
430
600
600
405
415
410
408
408
416
410
372
405
405
405
372
372
600
405
405

gpd/sq. ft.
2115
2115
2115

0
2235
2235
2235
2756
2758
2758
2758
2756
2050
2585
2585
1637
1637
1681
1681
10
10

1426
3045
3045
3045
3160
3160
2758
1998
2585
2S85
1637
2585
1681
1681

0
10
10

3045
2940
2940
2940
3045
1998
1998
2585
1585
1420
1420
1681
1681
10

3585
3585

BOTTOM MISS. SPECIFIED
AQUIFER RIVER M. FLUX ^
ft. msl

320
320
320
300
306
300
300
280
280
280
280
280
280
320
320
320
320
320
320
370
370
300
300
300
300
300
300
280
280
320
320
320
320
320
320
320
380
380
300
300
300
300
300
280
280
320
320
320
320
320
320
380
320
320

mites gpd t.
174.5
174.8
175.1
0.0
0.0 -1.46+04
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
o.o ^_

175.4
175.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

175.3
0.0 ^_.

176.1
176.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

175.1
0.0
0.0
0.0

176.9
177.4
0.0
0.0
0.0



COL ROW T S INITIAL CONST
HEAD RATE

gpd/ft ft. msl gpd
i
I
I
i
I
i
I
I
i
i
i
i
i
i
i
i
i
i
I
I
I
I
I
j
j
j
j
j
j
j
J
j
j
j
j
j
j
j
j
j
j
j
j
j
j
j
j
j
j
j
j
j
j
j

8
9
10
11
12
13
14
15
16
17
18
19
28
29
30
31
34
35
36
37
44
45
46
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

30.E+04 2.6E+06 395
30.E+04 2.6E+06 395
23.E-I-04 2.6E+08 395
25.E+04 2.6E+06 400
25.E+04 2.6E+06 395
25.E+04 2.6E+06 395
25.E+04 2.6E+08 395
15.E+04 2.6E+06 395
15.E+04 2.6E+06 395
15.E+04 2.6E+06 395
87.0E+3 2.6E+08 395
87.0E+3 2.6E+08 395
04.E+02 2.6E+06 395
04.E+02 2.6E+08 395
91 .OE+3 2.6E+08 395
91.0E+3 2.6E+06 395
22.0E+3 2.6E+06 400
22.0E+3 2.6E+08 400
22.0E+3 2.6E+08 400
OO.E+00 1. OE+20 430
OO.E+00 VOE+20 430
OO.E+00 VOE+20 430
OO.E+00 1 OE+20 430
OO.E+00 1. OE+20 400
22.E+04 2.6E+06 395
22.E+04 2.6E+06 395
22.E+04 2.6E+08 395
22.E+04 2.6E+O6 395
23.E+04 2.6E+08 405
25.E+04 2.6E+08 395
25.E+04 2.6E+06 395
25.E-I-04 2.6E+06 395
25.E+04 2.8E+06 395
24.E+04 2.6E+06 395
24.E+04 2.6E+06 395
24.E+04 2.6E+06 395
24.E+04 2.6E+06 395
82.0E+3 2.6E+06 395
82.0E+3 26E+06 395
82 OE+3 2.6E+06 395
82.0E+3 2.6E+06 395
82.0E+3 2.6E+06 395
82.0E+3 2.6E+08 395
86.0E+3 2.6E+06 395
57.0E+3 2.6E+08 395
12.E+04 2.8E+08 400
12.E+04 2.6E+06 400
12.E+04 2.6E+06 400
12.E+04 2.6E+06 400
92.0E+3 2.6E+08 395
92 OE+3 2.6E+06 395
13.E+04 2.6E+08 405
42.0E+3 2.6E+06 405
97.0E+3 2.6E+06 400

50000
50000
50000

0
50000
50000
50000

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

50000
50000
50000
50000

0
50000
50000
50000
50000
50000
50000

0
0
0
0
0
0
0
0
0
0

50000
50000
50000
50000

0
0
0
0
0

. RECHARGE LAND
FACTOR ELEV
gpd/ft

1.00E+04
1.00E+04
1.00E+04
VOOE+05
1.00E+04
1.00E+04
1.00E+04
6.70E+03
6.70E+03
6.70E+03
5.30E+O6
5.30E+06
1.06E+07
1.08E*07
1.08E*07
1.06E+07
6.70E*03
6.70E+03
6.70E+03
0 OOE+00
O.OOE+00
0 OOE+00
O.OOE+00
O.OOE+00
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+05
1 OOE+04
1.00E+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
6.70E+03
6.70E+03
1.06E+07
1.06E+07
1.06E+07
1.06E+07
1.06E+07
1.06E+07
1.06E+07
1.06E+07
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
5.30E+06
S.30E+06
6.70E+03
8.70E+03
6.70E+03

ft. msl
405
415
415
407
402
408
407
405
409
418
395
395
395
395
395
395
405
405
405
430
430
430
430
600
415
415
415
415
404
405
409
411
407
410
410
414
408
414
400
395
395
395
395
395
395
412
410
412
413
413
395
415
415
415

STREAM S
BED ELEV. W.T.

ft. msl
390
390
390
372
390
390
390
390
390
390
372
372
375
375
376
376
390
390
390
420
420
420
420
590
390
390
390
390
372
390
390
390
390
390
390
390
390
373
373
373
373
373
373
374
374
395
395
395
395
377
377
400
400
390

1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1. OE+20
1. OE+20
1. OE+20
1. OE+20
1. OE+20
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
VOE+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
VOE+07
1.0E+07
VOE+07
VOE+07
VOE+07
VOE+07
VOE+07
VOE+07
VOE+07
VOE+07
VOE+07
VOE+07
VOE+07

TOP
AQUIFER
ft. msl

405
415
415
372
402
408
407
405
409
418
372
372
375
375
376
376
388
388
388
430
430
430
430
600
415
415
415
415
372
405
409
411
407
410
410
414
408
373
373
373
373
373
373
374
374
412
410
412
413
377
377
415
415
415

HYDRAU.
CONDUC.
gpd/sq. ft.

3585
3585
2235
1998
1998
1998
1998
1206
1206
1206
1681
1681
10
10

252S
2525
458
458
458

0
0
0
0
10

2565
2585
2585
2585
2235
1998
1998
1998
1998
1886
1886
1886
1886
2471
2471
2471
2471
2471
2471
2525
1672
1383
1383
1764
1764
2477
2477
1696
563
655

BOTTOM
AQUIFER
ft. msl

320
320
300
280
280
280
280
280
280
280
320
320
340
340
340
340
340
340
340
320
320
320
320
380
320
320
320
320
300
280
280
280
280
280
280
280
280
340
340
340
340
340
340
340
340
320
320
340
340
340
340
340
340
340

MISS. SPECIFIED
RIVER Ml. FLUX
mites gpd
0.0
0.0
0.0

175.4
0.0
0.0
0.0
0.0
0.0
0.0

177.2
177.5
183.5
183.8
184.4
184.7
187.7
187.9
188.3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

176.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

178.7
179.1
179.5
180.0
180.4
180.9
181 .5
182.2
0.0
0.0
0.0
0.0

185.5
185.8
0.0
0.0
0.0

A-3



COL ROW T S INITIAL CONST
HEAD RATE

J
J
J
J
J
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
L
L
L
L
L
L
L
L
L
L
L
L
L
L

37
36
39
40
43
7
8
8
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
41
42
46
8
9
10
11
12
13
14
15
16
17
18
19
20
21

gpd/ft ft. msl
97.0E+3 2.6E+06 400
OO.E+00 1.0E+20 430
OO.E+00 1.0E+20 430
OO.E+00 1.0E+20 430
OOE+00 1.0E+20 430
22.E+02 1.0E+20 400
13.E+04 2.6E+06 395
13. E+04 2.6E+06 395
13 E+04 2.6E+06 395
23.E+04 2.6E+06 405
25.E+04 2.6E+08 395
25.E+04 2.6E+08 395
25.E+04 2.6E+08 395
33.E+04 2.6E+06 395
33.E+04 2.6E+08 395
32.E+04 2.6E+06 395
32.E+04 2.6E+08 394
24.E+04 2.6E+06 395
24.E+04 2.6E+06 395
24.E+04 2.6E+08 395
24.E+04 2.6E+06 395
24.E+04 2.6E+06 395
24.E+O4 2.6E+08 395
24. E+04 2.6E+06 395
21. E+04 2.6E+08 400
12.E+04 2.6E+08 400
12.E+04 2.6E+08 400
12E+04 2.6E+08 400
14. E+04 2.6E+08 400
14.E+04 2.6E+06 400
14. E+04 2.6E+08 400
14.E+O4 2.6E+08 400
96.0E+3 2.6E+06 395
10. E+04 2.6E+06 405
42.0E+3 2.6E+08 405
42.0E+3 2.6E+06 405
OO.E+00 1.0E+20 415
OO.E+00 1.0E+20 430
OO.E+00 1.0E+20 430
31.0E+3 2.6E+06 410
17.E+02 1.0E+20 400
13.E+04 2.6E+06 395
13.E+04 2.6E+06 395
15.E+04 2.6E+06 410
25.E+04 2.6E+06 395
25.E+04 2.6E+08 395
25.E+04 2.6E+06 395
33.E+04 2.6E+06 395
34.E+04 2.6E+06 400
34.E+04 2.6E+06 400
34 E+04 2.6E+06 400
34.E+04 2.6E+06 400
34. E+04 2.6E+06 400
31. E+04 2.6E+06 400

gprf
0
0
0
0
0
0

50000
50000
50000

0
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000

0
0
0
0
0
0
0
0
0

50000
50000

0
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000

. RECHARGE LAND
FACTOR ELEV.
gpd/ft

6.70E+03
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
1.00E+04
1.00E+04
1.00E+04
1.00E+05
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1 .006 +04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
3.57E+07
3.57E+07
6.70E+03
6.70E+03
O.OOE+00
O.OOE+00
O.OOE+00
6.70E+03
O.OOE+00
1.00E+04
1.00E+04
1 OOE+05
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1 OOE+04
1.00E+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04

ft. msl
415
430
430
430
430
600
405
405
405
403
407
409
411
407
408
411
409
405
416
416
417
415
420
423
419
412
412
412
413
411
413
414
420
405
415
415
415
430
430
420
550
405
405
406
411
410
410
411
409
410
410
409
410
412

STREAM S
BED ELEV. W.T

ft. msl
390
420
420
420
420
590
390
390
390
372
390
390
390
390
390
390
389
390
390
390
390
390
390
390
395
395
395
395
395
395
395
395
380
390
400
400
410
420
420
405
540
390
390
373
390
390
390
390
395
395
395
395
395
395

1.0E+07
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+20
1.0E+20
1.0E+20
1.0E+07
1.0E+20
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07

TOP HYDRAU.
AQUIFER CONDUC.
ft. msl

415
430
430
430
430
600
405
405
405
372
407
409
411
407
408
411
409
405
416
416
417
415
420
423
419
412
412
412
413
411
413
414
378
380
415
415
415
430
430
420
550
405
405
373
411
410
410
411
409
410
410
409
410
412

gpd/sq. ft
655

0
0
0
0
10

1585
1585
1585
2235
1998
1998
1998
2678
2678
2566
2580
1886
1886
2491
2491
2491
2525
2525
2327
1383
1383
1383
1538
1538
1538
1538
2525
2525
563
563
0
0
0
0
10

1585
1585
1426
1998
1998
1998
2678
2603
2603
2603
2603
2603
3427

BOTTOM MISS. SPECIFIED
AQUIFER RIVER Ml. FLUX

. ft. msl
340
320
320
320
320
380
320
320
320
300
280
280
280
280
280
280
280
280
280
320
320
320
320
320
320
320
320
320
320
320
320
320
340
340
340
340
320
320
320
360
380
320
320
300
280
280
280
280
280
280
280
280
280
320

miles gpd '
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

177.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

194.0
194.5
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

178.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0



COL ROW T S

L 22
L 23
L 24
L 25
L 26
L 27
L 28
L 29
L 30
L 31
L 32
L 33
L 34
L 35
L 36
L 37
L 38
L 39
L 40
L 41
L 42
L 43
L 44
L 45
L 46
M 9
M 10
M 11
M 12
M 13
M 14
M 15
M 16
M 17
M 18
M 19
M 20
M 21
M 22
M 23
M 24
M 25
M 26
M 27
M 28
M 29
M 30
M 31
M 32
M 33
M 34
M 35
M 36
M 37

gpd/ft
31.E+04 2.6E+06
31.E+04 2.6E+06
27.E+04 2.6E+06
27.E+04 2.6E+06
27.E+04 2.6E+06
27.E+04 26E+06
12.E+04 2.6E+06
12.E+04 2.6E+06
21.E+04 2.6E+06
23.E+04 2.6E+08
23.E+04 2.6E+06
23.E+04 2.6E+08
23.E+04 2.6E+08
23.E+04 2.6E+08
12.E+04 2.6E+06
12.E+04 2.6E+06
42.0E+3 2.6E+08
42.0E+3 2.6E+06
42.0E+3 2.6E+06
42.0E+3 2.6E+06
20.0E+3 2.6E+06
31.0E+3 2.6E+08
16.0E+3 2.6E+06
31.0E+3 2.6E+06
12.E+04 2.6E+08
OO.E+00 1.0E+20
OO.E+00 2.6E+06
15.E+04 2.6E+06
23.E+04 2.6E+06
25.E+04 2.6E+08
2S.E+04 2.6E+06
34.E+04 2.6E+06
34.E+04 2.6E+06
34.E+04 2.6E+08
34.E+04 2.6E+08
25.E+04 2.6E+06
34.E+04 2.6E+06
34.E+04 2.6E+06
34.E+04 2.6E+08
31.E+04 2.6E+06
27.E+04 2.6E+06
27.E+04 2.6E+06
27.E+04 2.6E+08
27.E+04 2.6E+06
21.E+04 2.6E+06
21.E+04 26E+08
23.E+04 2.6E+06
23 E+04 2.6E+06
23.E+04 26E+06
23.E+04 2.6E+06
23.E+04 2.6E+06
22.E+04 2.6E+06
22.E+04 2.6E+06
22.E+04 2.6E+06

INITIAL CONST
HEAD RATE
ft. msl

400
400
400
400
400
400
400
400
405
405
405
405
405
405
405
405
405
405
405
405
405
410
410
410
410
400
400
410
395
395
395
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
405
405
405
405
405
405
405
405

gpd
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000

0
0
0
0
0
0
0
0
0
0
0
0

67000
0

50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000

. RECHARGE LAND
FACTOR ELEV.
gpd/ft

1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
3.57E+07
3.57E+07
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
670E+03
6.70E+03
6.70E+03
4.70E+03
O.OOE+00
6.70E+03
1.00E+05
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
1. OOE+04
6.00E+03
6.00E+03
6.00E+03
6.00E+03

ft. msl
416
412
410
409
412
416
414
414
414
418
418
417
414
415
418
405
415
415
415
415
405
420
420
420
420
550
450
409
410
410
408
408
409
410
411
410
413
415
417
418
417
407
408
412
411
414
413
415
422
420
420
420
424
421

STREAM S TOP
BED ELEV. W.T. AQUIFER

ft. msl
395
395
395
395
395
395
395
395
400
400
400
400
400
400
382
382
400
400
400
400
386
405
405
405
405
540
430
373
390
390
390
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
400
400
400
400
400
390
390
390

1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+20
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07

ft. msl
416
412
410
409
412
416
414
414
414
418
418
417
414
415
382
382
415
415
415
415
386
420
420
420
420
550
450
373
410
410
408
408
409
410
411
410
413
415
417
418
417
407
408
412
411
414
413
415
422
420
420
420
424
421

HYORAU.
CONDUC.
gpd/sq. ft.

3427
3427
3020
3020
3020
3020
1383
1383
2244
2392
2392
2392
2392
2392
1895
1895
563
563
563
563
445
516
400
516

0
0.001

10
1426
2235
1998
1998
2603
2603
2603
2603
1950
2603
2603
2603
3427
3020
3020
3020
3020
2327
2327
2392
2392
2392
2392
2392
2585
2585
2585

BOTTOM
AQUIFER
ft. msl

320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
340
340
340
360
340
360
380
360
360
380
360
300
300
280
280
280
280
280
280
280
280
280
280
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320

MISS. SPECIFIED
RIVER Ml. FLUX
miles gpd
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

194.0
194.0
0.0
0.0
0.0
0.0

192.1
0.0
0.0
0.0
0.0
0.0
0.0

178.7
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

A-5
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M 38
M 38
M 40
M 41
M 42
M 43
M 44
M 45
M 46
N 10
N 11
N 12
N 13
N 14
N 15
N 16
N 17
N 18
N 18
N 20
N 21
N 22
N 23
N 24
N 25
N 26
N 27
N 28
N 28
N 30
N 31
N 32
N 33
N 34
N 35
N 36
N 37
N 38
N 38
N 40
N 41
N 42
N 43
N 44
N 45
N 46
O 10
0 11
O 12
0 13
O 14
O 15
O 16
O 17

gpd/ft
12.6*04
14.6*04
13.6*04
42.06*3
42.06*3
20.06+3
12.E+04
12.E+04
12.E+04
00.6+00
15.6+04
23.E+04
23.E+04
24.E+04
24.6+04
25.6+04
25.6+04
25.6+04
25.6+04
25.6+04
25.6+04
25.6+04
2ZE+04
22.6+04
21.6+04
21.E+04
21.E+04
21.E+04
21.6+04
23.6+04
23.6+04
23.6+04
23.6*04
23.6*04
23.E+04
23.E*04
23.6*04
23.E+04
21.E+04
26.E+04
14.E+04
13.E+04
13.E+04
11.E+04
13.E+04
13.E+04
OO.E+00
14.E+04
22.E+04
22.E+04
22.E+04
22.E+04
22.E+04
22.E+04

S

2.66+08
2-6E+06
2.6E*06
2.6E+06
2.6E*06
2.6E+08
Z6E+08
2.66*08
2.66*06
1.06*20
2.66*08
2.8E+06
2.6E*08
2.6E+06
2.66*08
2.8E+06
2.86*08
Z66*08
2.66*08
Z6E*08
2.6E+08
2.6E+06
2.6E+06
2.66+06
Z66+08
2.6E+08
2.6E+08
Z6E+06
2-8E+06
2.6E+08
Z66*06
Z66*08
2.6E+08
Z6E*06
Z6E+08
2.6E*06
2.6E*06
Z6E+08
2.66+06
2.6E+06
2.6E+06
2.6E+06
2.6E+08
2.6E+06
2.6E+08
2.6E+06
1.0E+20
2.6E+06
2.8E+06
2.6E+06
2.6E+08
2.6E+08
2.6E+06
2.6E+06

INITIAL CONST.
HEAD RATE
ft. msl

405
405
405
405
405
405
410
410
410
400
385
385
385
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
405
410
410
410
405
405
405
405
405
405
405
405
405
405
405
410
410
400
400
385
400
400
400
400
400

gpd
0
0
0
0
0
0
0
0
0
0

50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000

0
0
0

50000
50000
50000
50000
50000

0
0
0
0
0
0
0
0
0

50000
50000
50000
50000
50000
50000
50000

RECHARGE LAND
FACTOR EL6V.
gpd/ft

3.576+07
6.70E+03
6.70E+03
6.70E+03
6.70E*03
7.146*07
6.706*03
6.706*03
6.706*03
0.006+00
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006*04
1.006*04
1.006*04
1.006*04
2.006*04
2.006*04
2.00E*04
1.00E*04
1.006*04
1.00E*04
1.00E*04
1.00E*04
3.57E+07
3.57E+07
8.70E+03
6.70E+03
6.706+03
7.14E+07
6.70E+03
6.70E+03
O.OOE+00
1.00E+04
1.00E*04
1.00E+04
1.00E*04
1.00E+04
1.00E+04
1.00E+04

ft. msl
405
415
415
415
415
405
420
420
420
475
405
410
405
405
407
410
412
414
415
416
417
420
414
416
408
408
410
410
412
413
412
422
420
418
422
423
424
423
405
405
415
415
415
405
420
420
475
409
406
404
407
406
412
414

STREAM S TOP HYDRAU.
BED ELEV. W.T. AQUIFER CONOUC.
ft. msl

384
400
400
400
400
386
405
405
405
465
380
380
380
385
385
385
385
385
385
385
385
385
385
395
385
385
385
385
385
400
400
415
415
400
400
400
400
400
380
388
400
400
400
388
405
405
465
395
380
395
385
395
395
395

1.0E*07
1.0E*07
1.0E+07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*20
1.06*07
1.06*07
1.06*07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06*07
1.06*07
1.06*07
1.06+07
1.06*07
1.06*07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06*07
1.0E*07
1.06*07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.0E+07
1.0E+20
1.06*07
1.06*07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.06*07

ft. msl
384
415
415
415
415
386
420
420
420
475
405
410
405
405
407
410
412
414
415
416"
417
420
414
416
406
408
410
410
412
413
412
422
420
419
422
423
424
423
388
388
415
415
415
388
420
420
475
409
406
404
407
406
412
410

gpd/sq. ft.
1859
1497
1686
563
563
445
1833
1833

0
0.001
1426
2235
2235
2168
2168
1850
1850
1850
1850
1850
1850
1850
2483
2483
2327
2327
2327
2327
2327
2382
2310
2310
2310
2382
2382
2382
2382
2382
3044
3762
1487
1686
1686
2228
1637

0
0.001
1268
2102
2040
2040
2040
2040
2040

BOTTOM MBS. SPECIFIED
AQUIFER RIVER Ml. FLUX .
ft. msl

320
320
340
340
340
340
360
360
360
380
300
300
300
300
300
280
280
280
280
280
280
280
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
340
340
340
340
340
380
300
300
300
300
300
300
300

>*mites gpd -y
184.0
0.0
0.0
0.0
0.0

18Z1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0 »
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

184.0
184.0

0.0
0.0
0.0

182.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

A-fi
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0 18
0 19
0 20
0 21
0 22
0 23
0 24
0 25
0 26
O 27
0 28
0 29
0 30
0 31
O 32
0 33
O 34
0 35
0 36
O 37
O 38
O 39
O 40
O 41
0 42
O 43
O 44
0 45
O 46
P 10
P 11
P 12
P 13
P 14
P 15
P 16
P 17
P 18
P 19
P 20
P 21
P 22
P 23
P 24
P 25
P 26
P 27
P 2B
P 29
P 30
P 31
P 32
P 33
P 34

gpd/ft
24.E+04 2.6E*06
25.E+04 2.6E+06
25.E+04 2.6E+06
26.E+04 2.6E+06
26.E+04 2.6E+06
26.E+04 2.6E+06
24.E+04 2.6E+08
24.E+04 2.6E+06
22.E+04 2.6E+06
22.E+04 2.6E+08
22.E+04 2.6E+06
22.E+04 2.6E+06
23.E+04 2.6E+O8
23.E+04 2.6E+06
23.E+04 2.6E+06
32.E+04 2.6E+06
32.E+04 2.6E+06
32.E+04 2.6E+06
32.E+04 2.6E+06
32.E+04 2.6E+08
31.E*04 2.6E+06
31.E+04 2.6E+06
31. E+04 2.6E+06
26.E+O4 2.6E+06
26.E+04 2.6E+06
12.E+04 2.6E*06
12.E+04 2.6E+06
15.E+04 2.6E+08
15.E+04 2.6E+06
OO.E+00 1.0E+20
12.E+04 2.6E+O6
22.E+04 2.6E+06
22.E+04 2.6E+O8
22.E+04 2.6E+06
22.E+04 2.6E+OB
22.E+04 2.6E+O8
22.E+04 2.6E+06
24.E+04 2.6E+06
26.E+04 2.6E+06
26.E+04 2.6E+08
26.E+04 2.6E+06
26.E+04 2.6E+06
25.E+04 2.6E+06
25.E+04 2.6E+06
24.E+04 26E+06
24 E+04 2 6E*06
22.E*04 2.6E+06
22.E»04 26E+06
22.E+04 26E*06
22.E+04 2.6E+06
23.E*04 2.6E+06
24.E+04 2.6E+06
33. E+04 2.6E+06
33.E+04 2.6E+06

INITIAL CONST. RECHARGE LAND
HEAD RATE FACTOR ELEV.
ft. msl gpd

400
400
400
405
405
405
400
400
400
400
400
400
405
405
410
410
410
410
410
410
405
405
405
405
405
405
405
410
410
400
400
400
400
400
400
400
400
405
405
405
405
405
400
400
400
400
400
400
400
400
405
405
410
410

50000
50000
50000
50000
50000
50000
50000
50000
50000
50000

0
50000
50000
50000

0
0
0
0
0
0

50000
50000
50000

0
0
0
0
0
0
0

50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000

0
50000
50000
50000

0
0

gpd/ft
1.00E+04
1.00E+04 .
1.00E+04
1DOE+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.20E+05
1.00E+04
1.00E+04
1.006*04
2.00E+04
2.00E+04
2.00E+04
2.00E+04
2.00E-MM
2.00E+04
1.00E+04
1.00E-HM
1.00E+O4
3.57E*07
3.57E+07
7.14E+07
7.14E+07
6.70E*03
6.70E*03
0.006*00
1.00E+04
1.00E+04
1.00E*04
1.00E+04
1.00E*04
100E+04
1.00E+04
1.00E+04
1.00E*04
1.00E*04
1.00E*04
1.00E+04
1 OOE+04
1OOE+04
1. OOE+04
1.00E+04
1. OOE+04
1. OOE+04
1.20E+05
1. OOE+04
1. OOE+04
1. OOE+04
2.00E+04
2 OOE+04

ft. msl
418
413
414
416
417
417
403
410
409
414
406
408
415
417
419
421
419
420
420
424
423
415
417
415
405
405
405
420
420
475
413
414
412
411
414
415
417
421
423
416
417
417
416
404
409
416
412
411
406
408 '
412
415
420
418

STREAM S
BED ELEV. W.T.

ft. msl
395
395
395
400
400
400
395
395
395
395
398
395
400
400
415
415
415
415
415
415
400
400
400
388
388
388
388.
405
405
465
395
395
395
395
395
395
395
400
400
400
400
400
395
395
395
395
395
395
398
395
400
400
415
415

1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+20
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07

TOP HYDRAU.
AQUIFER CONDUC.
ft. msl

418
413
414
416
417
417
403
410
409
414
398
408
415
417
419
421
419
420
420
424
423
415
417
388
388
388
388
420
420
475
413
414
412
411
414
415
417
421
423
416
417
417
416
404
409
416
412
411
398
408
412
415
420
418

gpd/sq. ft.
1842
1950
1950
1950
1950
1950
2168
2168
2040
2040
2198
2040
1984
2392
2310
3160
3160
3160
3160
3160
3286
3286
3286
3762
3762
1794
1794
1460

0
0.001
1383
2040
2040
2040
2040
2040
2040
1801
1905
1905
1905
1905
1950
1950
2168
2168
2040
2040
2198
2040
1984
2106
2758
2758

BOTTOM
AQUIFER
ft. msl

280
280
280
280
280
280
300
300
300
300
300
300
300
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
380
320
300
300
300
300
300
300
280
280
280
280
280
280
280
300
300
300
300
300
300
300
300
300
300

MISS. SPECIFIED
RIVER Ml. FLUX
mites gpd

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

194.0
194.0
192.8
193.5
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
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P 35
P 36
P 37
P 38
P 39
P 40
P 41
P 42
P 43
P 44
P 45
P 46
Q 10
Q 11
Q 12
Q 13
Q 14
Q 15
Q 16
Q 17
Q 18
Q 19
Q 20
Q 21
Q 22
Q 23
Q 24
Q 25
Q 26
Q 27
Q 28
Q 29
Q 30
Q 31
Q 32
Q 33
Q 34
Q 35
Q 36
Q 37
Q 38
Q 39
Q 40
Q 41
Q 42
Q 43
Q 44
Q 45
Q 46 •
R 11
R 12
R 13
R 14
R 15

gpd/ft

S

33.E+04 2.66+06
33.E+04 2.66+06
31. E+04 2.66+06
32.6+04
31.6+04
31.6+04
31.6+04
31. E+04
31. E+04
26.6+04
21. E+04
12.E+04
OO.E+00
21. E+04
21.6+04
22.6+04
22.6+04
22.6+04
23.6+04
23.6+04
23.6+04
23.6+04
24.E+04
24.6+04
26.6+04
26.E+04
25.6+04
25.6+04
24.6+04
22.6+04
22.E+04
22.E+04
22. E+04
22.E+04
23.E+04
236+04
32.E+04
32.E+04
32.E+04
32.E+04
24.E+04
24.6+04
24.E+04
33.E+04
33E+04
25.E+04
16.E+04
16.6+04
14. E+04
OO.E+00
12.E+04
21. E+04
22.E+04
22.6+04

2.66+06
2.86+06
2.66+06
2.66+08
2.66+06
2.66+06
2.66+06
266+06
2.66+06
1.06+20
2.66+08
2.6E+06
2.66+06
2.66+06
2.66+06
2.86+06
2.66+06
2.66+06
2.66+06
2.66+06
2.66+06
2.66+06
2.66+06
2.66+06
Z66+06
2.66+06
2.66+06
2.66+06
2.66+06
2.66+06
2.6E+06
2.6E+06
2.66+08
2.6E+06
266+06
2.86+06
2.66+06
2.6E+06
2.6E+06
266+06
266+06
26E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
1.0E+20
2.6E+06
2.8E+06
26E+06
2.6E+06

INPTIAL CONST
HEAD RATE
ft. msl

410
410
405
410
405
405
405
405
405
405
405
405
405
400
400
400
400
400
405
405
405
405
405
405
405
405
400
400
400
400
400
400
400
403
405
405
410
410
410
410
405
405
405
410
410
410
410
410
405
400
400
400
400
400

gpd
0
0

50000
0

50000
50000
50000
50000
50000

0
0
0
0

50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000

0
50000
50000

0
0
0
0

50000
50000
50000
67000
67000
67000
67000

0
0
0

50000
50000
50000
50000

. RECHARGE LAND
FACTOR ELEV.
gpd/ft

2.006+04
2.006+04
1.006+04
2.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
3.57E+07
3.57E+07
7.14E+07
O.OOE+00
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1. 006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.006+04
1.206+05
1.006+04
1.006+04
2.00E+04
2.006+04
2.006+04
2.006+04
1.00E+04
1 .006+04
1.006+04
6.70E+03
6.70E+03
8.70E+03
6.70E+03
6.70E+03
7.14E+07
O.OOE+00
1.006+04
1 .006+04
1.00E+04
1.00E+O4

ft msl
419
420
419
421
415
415
413
409
413
414
405
405
475
405
412
415
413
415
418
418
421
433
416
417
415
416
413
402
403
411
412
414
404
406
420
419
420
422
422
420
420
415
413
413
416
414
415
430
416
500
410
415
416
415

STREAM S
BED ELEV. W.T.
ft. msl
415
415
400
415
400
400
400
400
400
388
388
388
465
395
395
395
395
395
400
400
400
400
400
400
400
400
395
395
395
395
395
395
395
398
400
400
415
415
415
415
400
400
400
395
395
395
395
405
389
490
395
395
395
395

1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+20
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.0E+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.06+07
1.06+07
1.06+07
1.06+07
1.0E+20
1.06+07
1.06+07
1.0E+07
1.0E+07

TOP HYDRAU.
AQUIFER CONDUC.
ft. msl
419
420
419
421
415
415
413
409
413
388
388
388
475
405
412
415
413
415
418
418'
421
433
416
417
415
418
413
402
403
411
412
414
404
398
420
419
420
422
422
420
420
415
413
413
416
414
415
430
389
500
410
415
416
415

gpd/sq. ft.
27S8
2758
3286
3160
3286
3286
3286
3268
3286
3762
3044
1794
0.001
2327
2327
2040
2040
2040
1964
1964
1964
1964
1801
1801
1905
1905
1950
1950
2168
2040
2040
2040
2040
2198
1984
1984
2641
2641
2641
2641
2106
2106
2106
2758
2756
2050
1341
1341
1547
0.001
1383
2327
2040
2040

BOTTOM WSS. SPECIFI6D
AQUIFER RIVER M. FLUX
ft. msl

300
300
320
320
320
320
320
320
320
320
320
320
380
320
320
300
300
300
300
300
300
300
280
280
280
280
280
280
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
380
320
320
300
300

mites gpd £
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

194.0
194.0
193.5
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

195.2
0.0
0.0
0.0
0.0
0.0

A-fi



COL ROW T S

R 16
R 17
R 18
R 19
R 20
R 21
R 22
R 23
R 24
R 25
R 26
R 27
R 28
R 29
R 30
R 31
R 32
R 33
R 34
R 35
R 3fl
R 37
R 38
R 39
R 40
R 41
R 42
R 43
R 44
R 45
R 46
S 12
S 13
S 14
S 15
S 16
S 17
S 18
S 19
S 20
S 21
S 22
S 23
S 24
S 25
S 26
S 27
S 28
S 29
S 30
S 31
S 32
S 33
S 34

gpd/ft
22.E+04 2.6E+06
23.E+04 2.6E*06
23.E+04 2.6E+06
23.E+04 2.6E*06
24.E+04 2.6E+06
24.E+04 2.6E+08
26.E+04 2.6E+08
26.E+04 2.6E+08
26.E+04 2.6E+08
25.E+04 2.6E+08
25.E+04 2.6E*O8
24.E+04 2.6E+06
22.E+04 2.6E+08
22.E+04 2.6E+08
22.E+04 2.6E+06
22.E+04 2.6E+06
22.E+04 2.6E+06
23.E+04 2.6E*06
23.E+04 26E+08
23.E+04 2.6E+06
23.E+04 2.0E+O8
23.E+04 2.6E+06
23.E+04 2.6E+06
25.E+04 2.6E+08
25.E*04 2.6E-KW
25.E+O4 2.6E+08
25.E+04 2.6E+06
25.E-KM 2.6E+06
25.E*04 2.6E+06
25.E+04 2.6E+08
2S.E+04 2.6E+06
OO.E+00 1.0E+20
12.E*04 2.6E+06
12.E+04 2.6E+06
12.E+04 2.6E+08
14.E*04 2.6E+06
22.E+04 2.6E+06
22.E+04 2.6E+06
23.E+04 2.6E+08
23.E+04 2.6E+08
23.E+04 2.6E*08
26.E*04 2.6E+06
26.E+04 2.6E+08
26.E+04 2.6E+08
26.E+04 2.6E+06
25 E*W 2.6E-K16
25.E*04 2.6E*08
25.E-KM 26E+06
24 E+04 26E+06
24 E+04 2.6E+06
24.E-HM 26E*06
23.E+04 2.6E+06
23.E+04 2.6E+06
23 E»04 2.6E+06

INITIAL CONST
HEAD RATE
ft. msl

400
405
405
405
405
405
405
405
405
400
400
400
400
400
400
403
403
405
405
410
410
410
410
410
410
410
410
410
410
410
405
405
400
400
400
400
400
410
405
405
405
405
405
405
405
400
400
400
400
400
400
403
405
405

gpd
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000

0
0

50000
50000

0
0
0
0

67000
67000
67000
67000
67000
67000
67000

0
0

50000
50000
50000
50000
50000

0
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000

0
50000
50000

. RECHARGE LAND
FACTOR ELEV.
gpd/ft

1.00E+04
1.00E+04
1.00E+04
VOOE+04
1.00E+04
1.00E+04
100E»04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
100E+04
1.00E+04
1.00E+O4
1.20E+05
1.20E*05
1.00E+04
1.00E+04
2.00E+04
2.00E*04
2.00E*04
2.00E*04
6.70E+03
6.70E-H33
fl.70E*O3
6.70E+03
6.70E+03
6.70E+C3
8.70E+03
6.70E+04
O.OOE«00
1.00E*04
1.00E-KM
1.00E+04
1.00E-KM
1.00E+O4
1.00E+05
1.00E+04
1.00E-KM
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E-KM
1.00E*04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.00E+04
1.20E+05
1.00E+04
1.00E+04

ft. msl
412
415
411
410
414
415
420
415
418
414
402
406
410
414
414
406
406
419
419
422
420
419
421
419
414
412
413
414
417
429
430
500
407
407
411
414
411
412
413
414
412
422
415
419
421
409
405
411
415
412
410
406
419
420

STREAM S
BED ELEV. W.T.
ft. msl

395
400
400
400
400
400
400
400
400
395
395
395
395
395
395
398
398
400
400
415
415
415
415
395
395
395
395
395
395
395
389
490
395
395
395
395
395
405
400
400
400
400
400
400
400
395
395
395
395
395
395
398
400
400

1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E*07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E*07
1.0E+07
1.0E+07
1.0E*07
1.0E+07
1.0E*07
1.0E+07
1.0E*07
1.0E+07
1.0E+07
1.0E*07
1.0E+07
1.0E+07
1.0E+20
1.0E+07
1.0E*07
1.0E*07
1.0E+07
1.0E*07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E»07
1.0E*07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07

TOP HYDRAU.
AQUIFER CONDUC
ft. msl
412
415
411
410
414
415
420
415
418
414
402
408
410
414
414
398
398
419
419
422
420
419

• 421
419
414
412
413
414
417
429
389
500
407
407
411
414
411
415
413
414
412
422
415
419
421
409
405
411
415
412
410
398
419
420

gpd/sq. ft.
2040
1984
1984
1984
1801
1801
1905
1905
1905
1950
1950
2168
2040
2040
2040
2198
2198
1984
1984
1933
1933
1933
1933
2050
2050
2050
2050
2050
2050
2050
2050
0.001
1383
1383
1383
1268
2040
2102
1984
1984
1984
1905
1905
1905
1905
1950
1950
1950
1842
1842
1842
1953
1984
1984

BOTTOM
AQUIFER
ft. msl

300
300
300
300
280
280
280
280
280
280
280
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
380
320
320
320
300
300
300
300
300
300
280
280
280
280
280
280
280
280
280
280
280
300
300

MISS. SPECIFIED
RIVER M. FLUX
mites gpd
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

195.6
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

A-9



COL ROW T

S 35
S 38
S 37
S 38
S 30
S 40
S 41
S 42
S 43
S 44
S 45
S 48
T 13
T 14
T 15
T 18
T 17
T 18
T 19
T 20
T 21
T 22
T 23
T 24
T 25
T 26
T 27
T 28
T 29
T 30
T 31
T 32
T 33
T 34
T 35
T 36
T 37
T 38
T 38
T 40
T 41
T 42
T 43
T 44
T 45
T 48
U 14
U 15
U 16
U 17
U 18
U 19
U 20
U 21

gpd/R
23.6+04
23.6+04
23.E+04
23.6*04
23.6+04
23.6+04
23.6+04
23.6+04
23.6+04
23.6+04
24.6+04
24.6+04
OO.E+00
12.E+04
21.E+04
21.E+04
21.E+04
21.E+04
21.E+04
23.E+04
23.E+04
26.6+04
26.6+04
26.6+04
26.6+04
26.6+04
26.6+04
24.6+04
24.E+04
23.6+04
23.6+04
23.E*04
23.6+04
24.6+04
24.E+04
24.E+04
24.E+04
24.E+04
24.E+04
25.E+04
2S.E+04
25.E+04
2S.E+04
25.E+04
25.E+04
25.E+04
OO.E+00
1S.E-KM
19.E+04
19.E+04
21.E+04
21.E+04
23.E+04
23.E+04

S

2.66+06
2.66+06
2.66+06
2.6E+08
2.6E+06
2.6E+06
2.66+06
2.66+06
2.66+06
2.66+06
2.66+06
2.66+06
1.06*20
2.66*08
2.6E+06
2.66*08
8.0E*05
8.06*05
6.0E*OS
2.66*08
2.66*08
2.86*08
2.66*08
2.66*06
2.66*08
2.66*08
2.66*06
2.66*08
2.6E+08
2.66*06
2.6E+06
2.66*06
2.66*08
2.6E+06
2.6E+06
2.6E*06
2.6E*06
2.6E*06
2.6E*OB
2.66*08
2.6E*OB
2.6E*OB
2.6E*OB
2.6E+08
2.6E*06
2.6E*06
1.0E*20
2.66*08
8.0E+OS
BOE+05
8.0E*OS
8.0E*05
8.0E+05
2.6E+06

INITIAL CONST. RECHARGE LAND
HEAD RATE FACTOR ELEV.
ft. msl
405
405
410
410
410
410
410
410
410
410
410
410
405
400
410
410
405
405
405
405
405
405
405
405
405
405
405
403
403
403
403
403
403
405
405
405
405
405
405
410
410
410
410
410
410
410
400
405
405
405
405
405
405
405

gpd
50000
50000
67000
67000
67000
67000
87000
67000
67000
67000
67000

0
0

50000
0
0

50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000

0
0
0
0
0
0

50000
50000
50000
50000
50000
50000
87000
67000
67000
87000
67000
67000

0
0

67000
67000
67000
67000
50000
50000
50000

gpovn
1.006*04
1.006*04
6.706*03
6.706*03
6.706*03
6.706*03
6.706*03
6.706*03
6.706*03
6.706+03
6.706*03
8.706*04
0.006*00
1.006*04
1.006*05
1.006*05
1.006*04
1.006*04
1.006*04
1.006*04
1.006*04
1.006*04
1.006*04
1.006*04
1.006*04
1.00E*04
1.006*04
1.206*05
1.20E+05
1.20E+05
1.206+05
1.806+05
1.206+05
1.006+04
1.006+04
1.006+04
1.006+04
1.006*04
1.00E*04
6.70E+03
6.70E+03
6.70E*03
6.70E+03
6.70E*03
6.70E+03
6.70E+03
O.OOE+00
6.70E+03
6.70E+03
6.70E+03
6.70E+03
1.00E+04
1.00E+04
1.00E+04

flmsl
422
419
417
420
415
425
420
421
415
415
426
427
500
403
407
407
412
414
415
416
422
420
416
419
420
419
415
408
406
408
408
406
406
418
418
418
417
417
419
424
427
426
425
426
426
427
500
409
411
414
412
415
414
415

STREAM S
B6D ELEV. W.T.
ft. msl

400
400
395
395
395
395
395
395
395
395
400
389
490
395
405
405
400
400
400
400
400
400
400
400
400
400
400
396
398
398
398
398
398
400
400
400
400
400
400
395
395
395
395
400
400
389
490
390
390
390
390
400
400
400

1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06*07
1.06*07
1.06*20
1.06+07
1.06+07
1.06*07
1.06*07
1.06*07
1.0E+07
1.06+07
1.06+07
1.06*07
1.06*07
1.06*07
1.06+07
1.06+07
1.06+07
1.06*07
1.06*07
1.06*07
1.0E*07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06+07
1.06*07
1.06*07
1.06+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+20
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07

TOP HYDRAU.
AQUIFER CONDUC.
ft msl

422
419
417
420
415
425
420
421
415
415
428
389
500
403
407
407
408
408
408
416
422
420
416
419
420
419
415
398
398
398
398
398
398
418
418
418
417
417
419
424
427
426
425
426
426
389
500
409
406
406
408
406
406
415

gpd/sq. ft.
1964
1984
1933
1933
1933
1933
1933
1933
1933
1933
1880
1886

0.001
1383
1969
1969
1863
1883
1863
1984
1984
1905
1905
1905
1905
1905
1905
2072
2072
1953
1953
1953
1953
1801
1801
1801
1801
1801
1801
1764
1764
1764
1764
1729
1729
1729

0.001
2030
2030
2030
1663
1863
1984
1984

BOTTOM MISS. SPECIFIED
AQUIFER RIVER M. FLUX
ft. msl

300
300
300
300
300
300
300
300
300
300
300
300
320
320
300
300
300
300
300
300
300
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
260
280
380
320
320
320
300
300
300
300

mites gpd
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

196.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

196.7
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0



COL ROW T

U 22
U 23
U 24
U 25
U 26
U 27
U 28
U 29
U 30
U 31
U 32
U 33
U 34
U 35
U 36
U 37
U 38
U 39
U 40
U 41
U 42
U 43
U 44
U 45
U 46
V 15
V 16
V 17
V 18
V 19
V 20
V 21
V 22
V 23
V 24
V 25
V 26
V 27
V 28
V 29
V 30
V 31
V 32
V 33
V 34
V 35
V 36
V 37
V 38
V 39
V 40
V 41
V 42
V 43

gpd/ft
24. E+04
26.E+04
26.E+04
26. E+04
26.E+04
26.E+04
26.E+04
24.E+04
26.E+04
26.E+04
23.E+04
24.E+04
24.E+04
24.E+04
24.E+04
24.6*04
25 E+04
25.E+04
25.6*04
25.6*04
25.6*04
25.6*04
25.E+04
25.E-KM
25.6*04
00.6*00
11.6*04
20.E+04
19.E+04
21.E*04
21. E+04
23.E+04
23.6+04
26.E+O4
34.E+04
34. E+04
34.E+04
26.E+04
26.E+04
26.E+04
26.E+04
23.E+04
24.E+04
24.E+04
24.E+04
24.E+04
24.E+04
25E+04
25.E+04
25.E+04
25.E+04
25.E+04
25.E+04
25.E+04

S

2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.66+06
2.6E+06
2.6E+06
2.6E*08
2.66+06
2.66*06
2.66*08
2.66+06
2.66*08
2.66*06
2.66*08
2.6E+06
2.66*06
2.66*06
2.66*06
2.66*08
2.66*08
2.66*06
2.66*08
2.66*06
26E+O6
1 OE+20
8.06*05
8.06*05
8.06+05
8.06*05
8.0E+05
26E+06
26E+06
2.6E+06
2.6E+06
2.66*06
2.66*06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+08
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.66+06

INITIAL CONST.
HEAD RATE
ft. msl

405
405
405
405
405
405
405
403
405
405
403
405
405
405
405
405
410
410
410
410
410
410
410
410
410
400
405
405
405
405
405
405
405
405
405
405
405
405
405
405
405
403
405
405
405
405
405
410
410
410
410
410
410
410

gpd
50000
50000
50000
50000
50000
50000
50000

0
50000
50000

0
50000
50000
50000
50000
50000
67000
67000
67000
67000
67000
67000
67000
67000

0
0

50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000

0
50000
50000
50000
50000
50000
67000
67000
67000
67000
67000
67000
67000

R6CHARG6
FACTOR
gpd/ft

1.00E+04
1.00E+04
1.006*04
1.006*04
1.006*04
1.006*04
1.006*04
1506*05
1.006*04
1.006*04
1.206*05
1.006*04
1.006*04
1.006*04
1.006*04
1.006*04
6.706*03
6.706*03
6.706*03
6.706*03
6.706*03
6.706*03
6.706*03
6.706+03
6.706+04
0.006+00
1.006*04
1.006*04
1.006*04
1.00E+04
1.006*04
1.006*04
1.006*04
1.006+04
1.006*04
1.006*04
1.006*04
1 006*04
1.00E+04
1.006*04
1.006*04
1.206+05
1.00E+04
1.00E+04
1 OOE+04
1.00E+04
1.006+04
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03

LAND
EL6V.
ft. msl

415
416
418
419
417
412
415
406
407
408
408
410
415
414
418
420
419
422
423
424
426
425
423
424
425
500
416
417
421
418
419
423
419
413
414
416
419
409
415
417
415
406
418
420
407
415
417
420
421
422
422
424
425
424

STR6AM S TOP
BED ELEV. W.T. AQUIFER

ft. msl
400

• 400
400
400
400
400
400
398
400
400
398
400
400
400
400
400
395
395
395
395
395
395
400
400
389
490
390
395
390
400
400
400
400
400
400
400
400
400
400
400
400
398
400
400
400
400
400
395
395
395
395
395
395
400

1.06*07
1.0E+07
1.0E*07
1.0E*07
1.0E+07
1.0E*07
1.0E*07
1.06+07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.0E*07
1.06*07
1.06*07
1.06*07
1.06*07
1.0E*20
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.0E*07
1.0E+07
1.06+07
1.06*07
1.06*07
1.06+07
1.0E+07
1.06+07
1.06+07
1.06+07
1.0E+07
1.06+07
1.06+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07

ft. msl
415
416
418
419
417
412
415
398
407
408
398
410
415
414
418
420
419
422
423
424
426
425
423
424
389
500
406
408
406
406
406
423
419
413
414
416
419
409
415
417
415
398
418
420
407
415
417
420
421
422
422
424
425
424

HYDRAU.
CONDUC.
gpd/sq. ft.

2106
1905
1905
1905
1905
1905
1905
2072
1905
1905
1953
1801
1801
1801
1801
1801
1764
1764
1764
1764
1764
1764
1729
1729
1729
0.001
1202
2030
2030
1863
1863
1984
1984
1905
2535
2535
2535
1905
1905
1905
1905
2341
2106
2106
2106
2106
2106
2050
2050
2050
2050
2050
2050
1998

BOTTOM
AQUIFER
ft. msl

300
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
380
320
320
320
300
300
300
300
280
280
280
280
280
280
280
280
300
300
300
300
300
300
300
300
300
300
300
300
300

MISS. SPECIFIED
RIVER Ml. FLUX
miles gpd
0.0
0.0
bo
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
.0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

1975
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
00
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

A-11



COL ROW T

V 44
V 45
V 46
W 16
W 17
W 18
W 19
W 20
W 21
W 22
W 23
W 24
W 25
W 26
W 27
W 28
W 29
W 30
W 31
W 32
W 33
W 34
W 35
W 36
W 37
W 38
W 39
W 40
W 41
W 42
W 43
W 44
W 45
W 46
X 17
X 18
X 19
X 20
X 21
X 22
X 23
X 24
X 25
X 26
X 27
X 28
X 29
X 30
X 31
X 32
X 33
X 34
X 35
X 36

gpd/n
24.E+04
24.E+04
24.E+04
10.E+02
12.E+04
19.E+04
19.E*04
21.E+04
23.E+04
23.E*04
24.E+04
34.E+04
34.E*04
34.E+04
34.E+04
26.E+04
26.E+04
24.6*04
24.E+04
25.E+04
25.E+04
24.E-KM
25.E+04
25.E+04
25.E+04
25.E+04
25.E*04
25E+O4
25.E+04
2S.E»04
25.E+04
25.E*04
24.E»04
22.E+04
10.E+02
12.E*04
12.E*04
20.E+04
22.E+04
23.E+04
24.E+04
33.E+04
33.E+04
34.E+04
34.E+04
34.E+04
34.E+04
33.E+04
25.E+04
25.E+04
25.E+04
25.E-04
25.E+04
25.E*04

s

2.6E+06
2.66*06
2.6E+06
1.0E+20
8.06*05
8.0E+05
8.0E+05
8.0E+05
2.6E+06
2.6E+06
2.6E+06
2.6E*06
2.6E*06
2.6E+06
26E+06
2.6E+06
2.6E*06
2.6E*06
2.6E*06
2.6E+06
2.6E*06
2.6E*06
2.6E+06
2.6E+06
2.66*06
2.6E*06
2.66*06
2.66*06
26E+06
2.6E*06
2.6E*06
2.6E*08
26E+06
2.6E+06
1.0E+20
8.0E+05
8.0E+05
2.6E+06
2.6E+06
2.6E*08
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E»06
2.6E*06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E»06

INITIAL CONST.
HEAD RATE
It. msl

410
410
415
400
405
405
405
405
405
405
405
405
405
405
405
405
405
405
405
410
410
405
405
410
410
410
410
410
410
410
410
410
410
415
400
405
405
405
405
405
405
405
405
405
405
405
405
405
410
410
410
410
410
410

gpd
67000
67000

0
0

67000
67000
67000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
67000
67000
50000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000

0
0

67000
67000
67000
67000
50000
50000
50000
50000
50000
50000
50000
50000
50000
67000
67000
67000
67000
67000
67000

RECHARGE
FACTOR
gpd/ft

670E+03
6.70E*03
6.70E*04
O.OOE+00
6.70E+03
6.70E+03
6.70E+03
1.00E+04
1.006*04
100E+04
100E+04
1.00E+04
1.00E+04
1.00E-KM
1.00E+04
1.00E+04
1.006*04
1.006*04
1.00E*04
6.706*03
6.706*03
1.006*04
6.706*03
6.706*03
6.706*03
6.706*03
6.706*03
6.706*03
6.706*03
6.706*03
6.706*03
6.706*03
6.706*03
6.706*04
0 OOE+00
6.70E+03
6.706*03
6.706*03
6.706*03
1.00E*04
1.00E*04
1.00E+04
1.00E+04
1.00E+04
1.00E*04
1.00E+04
1.00E+04
1.00E+04
6.70E+03
6.70E+03
6.70E*03
6.70E*03
6.70E*03
6.70E+03

LAND
ELEV.
ft. msl

424
425
424
500
426
425
426
420
420
420
418
414
417
417
417
410
419
415
419
424
420
409
409
414
420
422
422
422
423
422
422
424
426
425
500
420
420
423
410
419
419
417
419
418
418
408
413
419
420
418
414
412
410
420

STREAM S TOP
BED ELEV. W.T. AQUIFER
ft. msl

400
400
389
490
395
390
390
400
400
400
400
400
400
400
400
400
400
400
400
399
395
400
395
395
395
395
395
395
395
395
400
400
400
389
490
395
395
395
395
400
400
400
400
400
400
400
400
400
395
395
395
395
395
395

1.06+07
1.06*07
1.06*07
1.06*20
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.06*07
1.0E+20
1.0E*07
1.0E*07
1.0E+07
1.0E*07
1.0E*07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E*07
1.0E+07
1.0E+07
1.0E»07

ft. msl
424
425
389
500
406
406
406
406
420
420
418
414
417
417
417
410
419
41S
419
424
420
409
409
414
420
422
422
422
423
422
422
424
426
389
500
406
406
423
410
419
419
417
419
418
418
408
413
419
420
418
414
412
410
420

HYDRAU.
CONDUC.
gpd/sq. ft.

1886
1886
1886
10

1180
2030
2030
1863
1984
1984
2106
2535
2535
2535
2535
1905
1905
2106
2106
2006
2050
2106
2050
2050
2050
2050
2050
2050
2050
2050
1998
1998
1886
2102
10

1180
1160
2030
2170
1984
2106
2845
2845
2535
2535
2535
2535
2845
2050
2050
2050
2050
2050
2050

BOTTOM MISS SPECIFIED
AQUIFER RIVER Ml. FLUX
ft. msl

300
300
300
380
320
320
320
300
300
300
300
280
280
280
280
280
280
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
320
380
320
320
320
320
300
300
300
300
280
280
280
280
300
300
300
300
300
300
300

miles gpd
0.0
0.0

197.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

198.7
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0



COL ROW T

X 37
X 38
X 39
X 40
X 41
X 42
X 43
X 44
X 45
X 40
Y 18
Y 18
Y 20
Y 21
Y 22
Y 23
Y 24
Y 25
Y 28
Y 27
Y 28
Y 29
Y 30
Y 31
Y 32
Y 33
Y 34
Y 35
Y 36
Y 37
Y 38
Y 39
Y 40
Y 41
Y 42
Y 43
Y 44
Y 45
Y 48
Z 21
Z 22
Z 23
Z 24
Z 25
Z 26
Z 27
Z 2B
Z 29
Z 30
Z 31
Z 32
Z 33
Z 34
Z 35

gpd/ft

s

25.E+04 2.6E+06
25.E+04
25.E+04
25.E+04
25.E+04
25.E+04
25.E+04
25.E+04
25.E+04
23.E+04
10.E+02
10.E+02
10.E+02
22.E+04
22.E+04
25.E+04
25.E+04
33.E+04
33.E+04
33.E+04
35.E+04
35.E+04
33.E-KH
25.E*04
25.E+04
25.E+04
2S.E+04
25.E+04
25.E+04
25.E+04
25.E+04
25.E+04
25.E*04
2S.E+04
25.E+04
23.E+04
23.E+04
23.E+04
23.E+04
10.E+02
10.E*02
24.E+04
23.E*04
25.E+04
25.E*04
33.E+04
33.E+04
33.E+04
33.E+04
25.E+04
25.E+04
25.E+04
25.E+04
25.E+04

2.6E+OB
2.6E+06
2.6E+06
2.6E+08
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
VOE+20
VOE+20
VOE+20
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E*00
2.6E+06
2.6E+06
2.6E+08
2.6E+08
2.8E+06
2.6E+OB
2.6E+06
2.BE+06
2.6E+06
2.6E+06
2.8E+06
2.6E+06
2.6E+06
2.8E+08
2.6E+06
2.6E+06
2.6E+06
2.6E*08
2.6E*06
26E-MJ6
2.6E+06
1.0E+20
1.0E+20
2.6E+06
2.6E+06
2.6E*06
8.0E+05
8.0E*05
8.0E+05
26E»06
2.6E+08
2.6E+06
2.6E+08
26E*06
2.6E+06
2.6E*06

INITIAL CONST. RECHARGE LAND
HEAD RATE FACTOR ELEV.
ft msl
410
410
410
410
410
410
410
410
410
410
400
400
405
405
405
405
405
405
405
405
410
410
405
410
410
410
410
410
410
410
410
410
410
410
410
410
410
415
415
405
405
405
405
405
405
405
410
410
410
410
410
410
410
410

gpd
67000
67000
67000
87000
67000
67000
67000
67000
67000
87000

0
0
0

67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
87000
67000
87000
67000
67000
67000
67000

0
0

67000
67000
67000
67000
67000
67000
67000
87000
67000
67000
67000
67000
67000

gpd/ft
6.70E+03
6.70E+03
6.70E+C3
6.70E+03
6.70E+03
6.70E+03
6.70E*03
6.70E*03
6.70E+03
6.70E+03
O.OOE+00
O.OOE+00
O.OOE+00
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.706*03
6.70E+03
8.70E*O3
8.70E+03
6.70E+03
6.70E-KJ3
6.70E«03
6.70E+03
6.70E+03
6.70E*03
6.70E*03
6.70E*03
6.70E+03
6.70E+03
6.70E+03
6.70E*03
6.70E+03
6.70E+03
6.70E+03
6.70E-KJ3
6.70E*03
O.OOE+00
O.OOE+00
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
8.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03

ft msl
420
420
421
421
422
422
422
422
432
427
500
500
500
420
418
418
419
418
419
418
416
414
409
413
414
414
412
413
419
419
419
420
421
421
420
421
424
434
428
500
500
423
429
421
421
417
416
418
419
419
414
412
414
418

STREAM S TOP
BED ELEV. W.T. AQUIFER
ft msl

395
395
395
395
395
395
400
400
400
400
490
490
490
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
400
400
400
400
490
490
405
395
395
395
395
395
395
395
395
395
395
395
395

1.0E+07
1.0E+07
1.0E+07
VOE+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+20
1.0E+20
1.0E+20
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
VOE+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
VOE+07
VOE+07
VOE+07
VOE+07
VOE+20
VOE+20
VOE+07
VOE+07
VOE+07
VOE+07
VOE+07
VOE+07
VOE+07
VOE+07
VOE+07
VOE+07
VOE+07
VOE+07
VOE+07

ft. msl
420
420
421
421
422
422
422
422
432
427
500
500
500
420
418
416
419
418
419
418
416
414
409
413
414
414
412
413
419
419
419
420
421
421
420
421
424
434
428
500
500
423
429
421
406
406
406
418
419
419
414
412
414
418

HYDRAU.
CONDUC.
gpd/sq. ft.

2050
2050
2050
2050
2050
2050
1998
1998
2235

0
10
10
10

2170
2170
2050
2050
2758
2758
2758
2471
2471
2758
2050
2050
2050
2050
2050
2050
2050
2050
2050
2050
2050
2050
2235
2235
2235

0
10
10

2168
2310
2050
2050
2758
2758
2758
2758
2050
2050
2050
2050
2050

BOTTOM
AQUIFER
ft. msl

300
300
300
300
300
300
300
300
320
320
380
380
380
320
320
300
300
300
300
300
280
280
300
300
300
300
300
300
300
300
300
300
300
300
300
320
320
320
320
380
380
320
320
300
300
300
300
300
300
300
300
300
300
300

MISS. SPECIFIED
RIVER Ml. FLUX
miles gpd
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
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COL ROW T

gpd/ft
Z 36
Z 37
Z 38
Z 39
Z 40
Z 41
Z 42
Z 43
Z 44
Z 45
Z 46

AA 23
AA 24
AA 25
AA 26
AA 27
AA 28
AA 29
AA 30
AA 31
AA 32
AA 33
AA 34
AA 35
AA 36
AA 37
AA 38
AA 39
AA 40
AA 41
AA 42
AA 43
AA 44
AA 45
AA 46
BB 24
BB 25
BB 26
BB 27
BB 28
BB 29
BB 30
BB 31
BB 32
BB 33
BB 34
BB 35
BB 36
BB 37
BB 38
BB 39
BB 40
BB 41
BB 42

S

25.E+04 2.6E+06
23.E+04 2.6E+06
23.E+04 2.6E+06
15.E+04
23.E+04
23.E+04
23.E+04
23.E+04
23.E+04
23.E+04
22.E+04
10.E+02
14.E+04
22.E+04
22.E+04
22.E+04
22.E+04
32.E+04
32.E+04
23.E+04
25.E+04
25.E+04
2S.E+04
25.E+04
25.E+04
23.E+04
23.E+04
15.E+04
15.E+04
1S.E+04
23.E+04
23.E+04
23.E+04
14.E+04
22.E+04
10.E+02
OO.E+00
OO.E+00
OO.E+00
OO.E+00
OO.E+00
22.E+04
22E+04
24.E+04
24.E+04
24.E+04
24.E+04
24.E+04
24.E+04
15.E+04
15.E+04
15.E+04
15.E+04
15.E+04

2.6E+06
2.6E+06
2.6E+06
26E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
1.0E+20
2.6E+06
8.0E+05
8.0E+OS
8.0E+05
8.0E+OS
8.0E+05
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
2.6E+06
26E+06
2.6E+06
26E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
26E+06'
2.6E+06
2.6E+06

INITIAL CONST
HEAD RATE
ft. msl gpd
410
410
410
410
410
410
410
415
415
415
415
405
405
405
405
405
410
410
410
410
410
410
410
410
410
410
410
410
410
410
415
415
415
415
415
405
405
405
405
405
405
415
415
415
415
415
415
415
415
415
415
415
415
415

67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000

0
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000

0
0
0
0
0
0

67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000
67000

. RECHARGE LAND
FACTOR ELEV.
gpd/ft ft. msl

6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
670E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
O.OOE+00
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03
6.70E+03

419
419
419
420
421
422
424
427
432
432
433
500
439
433
429
418
426
417
424
425
420
417
416
417
420
425
424
424
425
421
430
433
437
445
457
500
500
500
500
500
500
430
430
430
430
430
430
430
430
430 '
430
430
430
430

STREAM S
BED ELEV. W.T.

ft. msl
395
395
395
395
400
400
400
400
400
400
405
490
405
405
403
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
405
405
490
490
490
490
490
490
405
405
405
405
405
405
405
405
405
405
405
405
405

1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1.0E+20
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07
1 .OE+07
1. OE+07
1. OE+07
1. OE+07
1. OE+07

TOP HYDRAU.
AQUIFER CONDUC.
ft. msl gpd/sq. ft.

419
419
419
420
421
422
424
427
432
432
433
500
439
406
406
406
406
406
424
425
420
417
416
417
420
425
424
424
425
421
430
433
437
445
457
500
500
500
500
500
500
430
430
430
430
430
430
430
430
430
430
430
430
430

2050
2310
2310
1460
2310
2310
2310
2235
2235
2235

0
10

1268
2040
2064
2170
2170
2641
2641
1933
2050
2050
2050
2050
2050
2310
2310
1460
1460
1460
2235
2235
2235
1538

0
10

0.001
0.001
0.001
0.001
0.001
2040
2040
2168
2166
2168
2168
2168
2168
1395
1395
1395
1395
1395

BOTTOM
AQUIFER
ft. msl

300
320
320
320
320
320
320
320
320
320
340
380
320
320
320
320
320
300
300
300
30O
300
300
300
300
320
320
320
320
320
320
320
320
340
340
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320

MISS. SPECIFIED
RIVER Ml. FLUX
mites gpd
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0



COL ROW T

BB 43
BB 44
BB 45
BB 46
CC 30
CC 31
CC 32
CC 33
CC 34
CC 35
CC 36
CC 37
CC 38
CC 39
CC 40
CC 41
CC 42
CC 43
CC 44

gpd/ft
14.E+04
14.E+04
10.E+02
10.E+02
10.E+02
10.E+02
10.E+02
10.E+02
10.E+02
10.E+02
10.E+02
10.E+02
10.E+02
10.E+02
10.E*02
10.E+02
10.E+02
10.E+02
10.E*02

S

2.6E+06
2.6E+06
1.0E+20
10E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20

INITIAL CONST.
HEAD RATE
ft. msl
415
415
415
415
410
410
415
415
415
415
415
415
415
415
415
420
420
425
420

gpd
67000
67000

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

RECHARGE
FACTOR
gpd/ft

6.70E+03
6.70E+03
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00

LAND
ELEV.
ft. msl

430
430
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500

STREAM S TOP
BED ELEV. W.T. AQUIFER

ft. msl
405
405
490
490
490
480
490
490
490
490
490
490
490
490
490
490
490
490
490

1.0E+07
1.0E+07
1.0E+20
1.0E+20
1.0E*20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20

ft. msl
430
430
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500

HYDRAU.
CONDUC.
gpd/sq. ft.

1538
1538
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

BOTTOM
AQUIFER
ft. msl

340
340
400
400
380
380
400
400
400
400
400
400
400
400
400
400
400
400
400

MSS. SPECIFIED
RIVER Ml. FLUX
mites gpd
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
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APPENDIX B
Boundary Data for PLASM Groundwater Model.



Horseshoe Lake Cells \ INT. const RECHARGE LAND i STREAM s JTOPAQ. HYORAU. BOTTOM AQ.
COL ROW T ; S HEAD Rate [ ELEV. BEDELEV W.T. CONDUC. ELEV.

gpd/ft ' I ft. msl i gpd , gpd/ft , ft. msl
0 1 26 22.E+04] 2.6E+06
P ! 29 1 22.E+04
Q
Q
R
R
S
T
T
T
T
T
T
U
U
V

30
31
31
32
32
28
29
30
31

22.E+04
22.E+04
22.E+04
22.E+04
23.E+04
24.E+04

| 24.E+04
23.E*04
23.E+04

32 1 23.E+04

2.6E+06
2.6E*06
2.8E+06
2.6E*06
2.6E*06
2.6E+06
2.6E*06
2.6E+06
2.6E+06
2.6E*06
2.6E+06

33 1 23.E+04J 2.6E+06
29
32
31

24.E+04
23.E+04
23.E+04

2.66*06
2.66+06
2.6E+06

400
400
400
403
403
403
403
403
403
403
403
403
403
403
403
403

Frank Holten State Park Lake
s•
•

18
15
16

22.E+04
21.E*04
21.E+04

2.66+08
2.6E*06
2.6E+06

410
410
410

0| 1.20E+05
Ol 1.20E+05

50000
0
0
0
0
0
0
0
o
0
0
0
0
0

0
0
0

Blue Waters Ditch / Harding Ditch
»

H

J
K
.

M

13
12
11
11
11
11
11

13.E*04
22.E*04
25.E+04
23.E*04
23.E+04
15.E+04
15.E+04

2.6E+06
2.6E+06
2.8E-KW
2.6E+06
2.6E+06
2.6E+06
2.6E+06

390
400
400
405
405
410
410

Cahokia Diversion Channel
Q
R
s
u
w

46
46
46
46
46
46
46

14.E*04 2.6E*06
25.E+04
24.E+04
25.E+04
25.E+04
24.E+04
22.E+04

Specified Flux
A ' 1 22.E*04
B 1 25.E+04
C 1 25.E+04
E 1 j 2S.E+04
F 1 23.E+04

!

2.6E*06
2.6E*06
2.6E-HJ6
2.6E+06
2.6E+06
2.6E+06

2.6E+06

405
405
410
410
410
415
415

390
2.6E+06 390
2.6E+06I 390
26E+06 390
26E+06

0
0
0
0
0
0
0

0
0
0
0
0
0
0

1.00E+04
1.20E+OS
1.20E+05
1.20E+05
1.20E+05
1 .206+05
1.20E+05
1iOE*05
1^0E*05
1.80E+05
1.20E+05
1.20E*05
1iOE+05
1.206*05

1.00E+05
1.00E+05
100E+05

670E*04
1. 006*04
1.00E+05
1.00E+05
1.00E*05
1.00E+05
1.00E+O6

7.14E+07
6.70E*04
6.70E+04
6.70E+03
6.70E*04
6.70E+04
670E*04

406
406
404
406
406
406
406
406
406
406
406
406
406
406
406
406

412
407
407

408
404
407
404
403
406
409

416
430
427
427
425
424
425

0 670E+03 400
0

ft msl | ft. msl
398
398
395
398
398
398
398
398
398
398
398
398
398
398
398
398

405
405
405

372
372
372
372
372
373
373

389
389
389
389
389
389
389

395

1.06*07! 398
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E*07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07

1.0E+07
1.0E+07
1.0E+07

1.0E*07
1.0E+07
1.06*07
1.0E+07
1.0E*07
1.0E+07
1.06*07

1.0E+07

398
404
398
398
398
398
398
398
398
398
398
398
398
398
398

415
407
407

372
372
372
372
372
373
373

389
1.0E*07| 389
1.0E+07
1.06*07
1.06*07
1.0E+07
1.0E*07

1.0E+07
6.70E*03| 400 385) 1.0E*07

50000 1.00E+04 400
50000 1 1.00E+04 400

395 50000 1 LOOE-KM! 405

389
389
389
389
389

400

gpoVsq. ft
2198
2198
2040
2196
2198
2198
1953
2072
2072
1953
1953
1953
1953
2072
1953
2341

2102
1969
1969

1637
2585
1998
2235
2235
1428
1426

1547
2050
1886
1729
1729
1886
2102

2700
400 2050

385 i 1.0E+07 400 1 2050
385 1.0E+07 400
390 1.0E*07l 405

2050
2235

ft msl
300
300
300
300
300
300
280
280
280
280
280
280
280
280
280
300

300
300
300

320
320
280
300
300
300
300

300
300
300
280
280
300
320

320
280
280
280
300

MISS.
Ml.

mHes
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0

175.3
175.1
175.4
178.1
177.2
178.2
178.7

195.2
195.6
196.1
196.7
197.2
197.8
198.7

0.0
0.0
0.0
0.0
0.0

SPECIFIED
FLUX
8P<J

•

-4.7E*04
-1.5E*04
-1.5E*04
-1.5E+04
-1.4E*04
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Specified Heads at Eastern Boundary .
COL

G
3
H
H

J
K
.
M
N
O
>

Q
R
S
T
U
V
w
X
y
Y
Y

[

2
AA
BB
BB
BB
BB
BB
BB
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
BB
BB

ROW T S HEAD Const

1
2
3
4
5
6
7
8

gpd/ft
22.E+02
22.E+02
22.E+02
22.E+02
22.E+02
OO.E+00
22.E+02

Rate
ift. mslj gpd

1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20

17.E+02 1.0E+20
9 OO.E+00

10
10
10
10
11
12
13
14
15
16
17
18
18
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

OO.E+00
OO.E+00
OO.E+00
OO.E+00
OO.E+00
OO.E+00
OO.E+00
OO.E+00
OO.E+00
10.E+02
10.E+02
10.E+02
10.E+02
10.E+02
10.E+02
10.E+02
10.E+02
10.E+02
OO.E+00
OO.E+00
OO.E+00
OO.E+00
OO.E+00
10.E+02
10.E+02
10.E+02
10.E+02
10.E+02
10.E+02
10.E+02
10.E+02
10.E+02

1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.06+20
1.0E+20
1.0E+20
1.0E+20
1.06+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1. 06+20
1.06+20
1.0E+20
1.0E+20
1.06+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20

10.E+02 1.0E+20
10.E+02
10.E+02
10.E+02
10.E+02J
10.E+02
10.E+02
10.E+02

1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20

400
400
400
400
400
400
400
400
400
400
400
400
405
400
405
405
400
400
400
400
400
400
405
405
405
405
405
405
405
405
405
405
410
410
415
415
415
415
415

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

415 0
415 0

RECHARGE I LAND STREAM S TOPAQ. HYDRAU. BOTTOM AQ. MISS.

gpd/lt
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
0.006+00
0.006+00
0.006+00
0.006+00
O.OOE+00
O.OOE+00
O.OOE+00
0.006+00
0.006+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00

41 Si 0 O.OOE+00
415 : 0
420 0
420 0
425 1 0
420
415
415

0
0
0

O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00

ELEV. BED ELEV
ft. msl

600
600
600
600
600
600
600
550
550
475
475
475
475
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500

n. msl
590
590
590
590
590
590
590
540
540
465
465
465
465
490
490
490
490
490
490
490
490
490
490
490
490
490
490
490

. 490
490
490
490
490
490
490
490
490
490
490
490
490
490

W.T. COfcDUC.

1.06+20
1.0E+20
1.0E+20
1.06+20
1.06+20
1.0E+20
1.0E+20
1.06+20
1.06+20
1.06+20
1.0E+20
1.0E+20
1.06+20
1.06+20
1.06+20
1.06+20
1.06+20
1.0E+20
1.0E+20
1.06+20
1.0E+20
1.0E+20
1.06+20
1.06+20
1.06+20
1.0E+20
1.06+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20

ft. msl
600
600
600
600
600
600
600
550
550
475
475
475
475
500

. 500
500
500

.500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500

1.0E+20 500
490 1.0E+20 500
490
490
490
490
490
490

gpd/sq. ft.
10
10
10
10
10
10
10
10

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

10
10
10
10
10
10
10
10
10

0.001
0.001
0.001
0.001
0.001

10
10
10
10
10
10
10
10
10
10
10

ELEV.
ft. msl

370
370
380
380
380
380
360
380
380
380
380
380
380
380
380
320
380
380
380
380
380
380
380
380
380
380
320
320
320
320
320
320
380
380
400
400
400
400
400
400
400
400
400

M).
miles

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

1.0E+20 500, 10 400! 0.0
1.0E+20
1.0E+20
1.0E+20
1.0E+20
1.0E+20

500 1 10| 400
500! 10
500
500
500

10
10
10

400
400

|_ 400
400

0.0
0.0
0.0
0.0
0.0

SP*|̂ P^i&
gpd

*— '

= ' • < " , ' • . -

— '
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Mississippi River Cells i ! !
COL ROW T S

\
i

A 3
A 4

i gpd/ft
16.6+04

| 11.E*04

I

2.6E+08
2.66+08

A Si 1 1 .E+04J 2.6E+06
A 6
B
B

7
8

B 9
C
D
D
E
5
£
f
f
3
5
H
H

J
J

10
11
12
12
13
14
14

1 1 .6+04 2.6E+06
11.E+04 2.6E+06

| 11 .E+04I 2.66+06
11.6+04
13.6+04
11.6+04
11.6+04
11.6+04
11.E+04
11.6+04
87.06+3

15| 87.06+3
15) 87.0E+3
18
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

87.06+3
87.0E+3
87.06+3
87.0E+3
87.0E*3
82.0E*3
82.06+3
82.06+3
82.0E+3
82.06+3
82.06+3
86.06+3
57.0E+3
04.E+02
04.6+02
91.0E+3
91.06+3

32 1 92.06+3
33 i 92.06+3
34 96.06+3
35 10.E+O4
38 12.E+04
37 12.E+04

2.6E+06
2.6E+08
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.6E+06
2.66+08
2.66+06
2.6E+06
2.6E+06
2.6E+08
2.6E+06
2.6E+06
2.6E+06
2.6E+08
2.6E+08
26E+O8
2.6E+08
2.6E+08
2.6E*06
2.6E*08
2.6E+06
2.6E+06
2.6E+06
26E+06
2.6E+06
2.6E*06
26E*0«
2.6E+06
26E+06
2.6E+06

HEAD

ft. msl
395
395
395

Const
Rate
gpd

0
0
0

395 1 0
395
395

RECHARGE

gpd/ft
1.06E+07
1.06E+07
1.06E+07
1.06E+07

0| 1.06E+07
l_ °

395 0
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
405
405

2.6E+08I 405
M 38 12.E+04 2.6E+06
N ! 39: 21.E+04 2.6E+06

405
405

N 40 26E+04 2.6E+06 405
O 41 26.E+04! 2.6E+06
0 42 1 26.E+04 26E+06
0 43 12.E+04 2.6E+06
O 44 12.E+04 2.6E+06
p j 44 26.E*04 2.66+06

45 21.6+04
48 i 12.6+04

2.6E+06
2.6E+06

405
405
405
405
405
405
405

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

1.06E+07
1.08E+07
1.06E+07
1.06E+07
1.06E+07
1.06E*07
1.06E+07
1.06E+07
1.06E+07
1.06E+07
1.06E+07
1.08E+07
1.06E+07
1.06E*07
5.30E*06
5.30E*08
1.06E+07
1.06E*07
1.06E*07
1.06E+07
1.06E+07
1.06E*07
1.06E+07
1.06E*07
1.06E*07
1.06E+07
1.06E*07
1.06E*07
5.30E+08
5.30E+06
3.57E+07
3.57E+07
3.57E*07
3.57E+07

LAND
ELEV.
ft. msl

395
395

i i
STREAM

BED ELEV
ft. msl

369
370

395 370

S
W.T.

1.06+07
1.0E+07
1.0E+07

395 i 3701 1.0E+07
395
395
395
395
405
395
407
407
395
409
395
415
395
409
409
395
395
414
400
395
395
395
395
395
395
395
395
395
395
413
395
420
405
418

370
370
370
371
372
372
372
372
372
372
372
372
372
372
372
372
372
373
373
373
373
373
373
374
374
375
375
376
376
377
377
380
390
382

405 1 382
0| 3.57E+07 405
0| 3.57E+07
0| 3.57E»07
Ol 3.57E+07
0 3.57E+07
0 7.14E+07
0| 7.14E+07
0 3.57E*07
Ol 3.57E+07
0] 7.14E*07

i ;

405
405
415
405
405
405
414

, 405
405

384
390
388
388
388
388
388
388
388
388

1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.06*07
1.06*07
1.06*07
1.0E+07
1.0E+07
1.0E+07
1.0E*07
1.0E*07
1.0E*07
1.0E*07
1.06+07
1.06+07
1.06+07
1.06+07
1.0E+07
1.0E+07
1.0E+07
1.06+07
1.0E+07
1.0E+07
1.0E+07
1.0E+07

TOP AQ.

ft. msl
369
370
370
370
370
370
370
371
372
372
372
372
372
372
372
372
372
372
372
372
372
373
373
373
373
373
373
374
374
375
375
376
376
377
377
378
380
382
382
384
388
388
388
388
388

1 .0E+07I 388
1.0E+07| 388
1.0E+07) 388
1.0E+07

i

HYDRAU.
CONDUC.
gpd/sq. ft.

3296
2170
2170
2170

BOTTOM Ad.
ELEV.
ft. msl

320
320
320
320

2170! 320
2170
2170
2142
2115
2115
2115
2115
2115
1681
1681
1681
1681
1681
1681
1681
1681
2471
2471
2471
2471
2471
2471
2525
1672

10
10

2525
2525
2477
2477
2525
2525
1895
1895

320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
340
340
340
340
340
340
340
340
340
340
340
340
340
340
340
340
320
320

18591 320
3044
3762
3762
3762
1794
1794
3762
3044

388 1794
i

320
320
320
320
320
320
320
320
320

MISS.
M.

miles
169.6
170.1
170.6
170.9
171.7
172.0
172.3
172,9
173.9
173.9
174.5
174.8
175.1
175.4
175.4
176.1
176.4
176.9
177.4
177.2
177.5
176.7
179.1
179.5
180.0
180.4
180.9
181 .5
182.2
183.5
183.8
184.4
164.7
185.5
185.6
194.0
194.5
194.0
194.0
194.0
194.0
194.0
194.0
194.0
192.8
193.S
194.0
194.0
193.5

i

SPECIFIED
FLUX
gpd
-5.76+04
-3.7E+04

B-3



Extra Mississippi Cells
COL

i
i
1

M
N
O

ROW

34
35
36—— »
42
43
44
44

T

gpd/ft
22.0E+3
22.0E+3

S

2.6E+06
2.6E+06

22.0E+3| 2.6E+06
20.0E+3
20.0E+3
11.E+04

2.8E+06
2.6E+06
2.6E-KM

12.E*04| 2.6E+06

HEAD

ft. msl
400
400
400
405
405
405
405

Const
Rate
gpd

0
0
0
0
0
0
0

RECHARGE

gpd/ft
6.70E+03
6.70E+03

LAND
ELEV.
fLmsl

405
405

6.70E*03| 405
6.70E*03
7.14E*07
7.14E+07
7.14E+07

405
405
405
405

STREAM
BED ELEV

ft- msl
390
300
390
386
306
388
388

S
W.T.

1.0E+07
1.0E+07
1.0E+07
1.0E+07
1.0E*07
1.0E+07
1.0E+07

TOPAQ.

ft. msl
388
388

HYDRAU.
CONDUC.
gpd/sq. It

458
458

388! 458
386
386
388
388

445
445

2229
1794

BOTTOM AO.
ELEV.
ft- msl

340
340
340
340
340
340
320

MISS
ML

miles
187.7
187.9
188.3
192.1
192.1
192.8
193.5

SPE.CIFIEC
v- "itlV.Vl•".«*,-1 gW
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APPENDIX C

MODFLOW Groundwater Model Input Data.



COL ROW
PLASM

A 1
A 2
A 3
A 4
A 5
A 6
A 7
A 6
A 9
B 1
B 2
B 3
B 4
B 5
B 6
B 7
B 8
B 8
B 10
C 1
C 2
C 3
C 4
C S
C 6
C 7
C B
C 9
C 10
C 11
C 12
0 1
D 2
D 3
D 4
0 5
D 6
D 7
D 8
D B
D 10
D 11
D 12
E 1
E 2
E 3
E 4
E 5
E 6
E 7
E B
E 9
E 10

COL ROW
MODFLOW

1 59
1 58
1 57
1 56
1 55
1 54
1 S3
1 52
1 51
2 59
2 58
2 57
2 .56
2 55
2 54
2 S3
2 52
2 51
2 50
3 59
3 SB
3 57
3 56
3 55
3 54
3 53
3 52
3 51
3 50
3 49
3 48
4 59
4 sa
4 57
4 56
4 55
4 54
4 53
4 52
4 51
4 50
4 49
4 48
5 59
5 58
5 57
5 56
5 55
5 54
5 53
5 52
5 51
5 50

HYDRAULIC
CONDUC.
ft/day
361.80
361.80
441.66
290.78
290.78
290.78

0.00
0.00
0.00

274.70
361.80
361.80
361.80
361.80
361.80
290.78
290.78
290.78

0.00
274.70
274.70
274.70
274.70
219.36
219.36
219.36
219.36
219.36
287.03

0.00
0.00

274.70
274.70
274.70
274.70
274.70
274.70
219.36
219.36
219.36
219.36
283.41
283.41
274.70
274.70
274.70
369.57
274.70
274.70
274.70
274.70
219.36
219.36

S

0.04987
0.04967
0.04967
004967
0.04967
0.04967

191819E*12
1918196*12
1918196*12

0.04967
0.04987
0.04987
0.04987
004987
004987
0.04967
0.04967
004987

1918196*12
0.04967
0.04967
0.04967
0.04967
0.04967
004987
0.04987
0.04967
0.04967
0.04967

1.918196*12
1.918196*12

0.04967
0.04987
0.04967
0.04967
0.04987
0.04967
004967
004967
0.04967
0.04967
0.04967
0.04967
004987
004967
004967
0.04967
004987
0.04987
004987
004967
0.04987
004987

MT1M.
HEAD
ft. msl

390
390
395
395
395
395
420
420
420
390
390
390
390
390
390
395
395
396
420
390
390
390
390
390
360
390
390
390
395
430
420
390
390
390
390
390
390
390
390
390
390
395
395
390
390
390
390
390
390
390
390
390
390

CONST
RATE

cu. ft/day
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

6864.5
8664.5
6664.5
6684.5

0
0
0
0
0
0
0
0

6684.5
8684.5
6684.5
66845
6684.5
8684.5
6664.5
6664.5

0
0
0
0

G684.5
6684.5
66845
B6845
6684.5
66845'
66645
66645
66845
6664.5

RECHARGE

ft/day
. 0.00064

0.00193
5.28692
5.08358
5.08358
5.08358
0.00000
0.00000
0.00000
0.00193
0.00193
0.00193
0.00193
0.00193
0.00193
5.08356
5.08358
5.08358
0.00000
0.00288
0.00288
0.00288
0.00286
0.00193
0.00193
0.00193
0.00193
0.00193
4.88023
0.00000
0.00000
0.00288
0.00288
0.00288
0.00288
0.00288
O.OQ2B8
000288
0.00288
0.00193
0.00321
6.71032
4.67689
0.00286
0.00288
000288
0.00288
000286
0.00288'
000288
000286
000364
0.00364

LAND
ELEV.
ft. msl

400
400
395
395
395
395
430
430
430
400
400
400
400
400
400
395
396
396
430
400
400
400
400
400
400
400
400
400
395
430
430
400
400
400
400
400
400
400
400
400
410
405
395
400
400
400
400
400
400
400
400
405
405

STREAM
BED ELEV
ft. msl

395
385
369
370
370
370
420
420
420
385
385
385
385
385
385
370
370
370
420
385
385
386
385
385
385
385
385
365
371
420
420
385
385
385
365
385
385
365
385
365
385
372
372
385
385
385
385
385
385
385
385
385
385

S
W.T.

0.1918
01918
0.1918
0.1918
01916
0.1918

1.92E*12
1926*12
1.92E*12
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918

1.92E*12
0.1918
0.1918
0.1918
0.1918
0.1916
0.1918
0.1918
0.1918
0.1918
0.1916

1.92E*12
1.92E*12
0.1918
0.1918
0.1918
0.1918
01918
0.1918
0.1918
0.1918
0.1918
01916
01918
0.1918
0.1918
0.1918
0.1916
0.1918
0.1918
0.1918
0.1918
0 19 18
0.1918
0.1918

TOPAQ.

ft. msl
400
400
369
370
370
370
430
430
430
400
400
400
400
400
400
370
370
370
430
400
400
400
400
400
400
400
400
400
371
430
430
400
400
400
400
400
400
400
400
400
410
372
372
400
400
400
400
400
400
400
400
405
405

BOTTOM
AQ. ELEV.
ft. msl

320
320
320
320
320
320
300
300
300
280
320
320
320
320
320
320
320
320
300
280
280
280
280
320
320
320
320
320
320
300
300
280
280
280
280
280
280
320
320
320
320
320
320
280
280
280
280
280
280
280
280
320
320

MISS. SPECIFCD
MILE FLUX '̂
mites cu. ft./day

0.0 6283 J

0.0 6263
169.8 7620 V
170.1 4946 y
170.6
170.9
0.0
0.0
0.0
0.0 2005
00
0.0
0.0
0.0
0.0

171.7
172.0 ••»— '
172.3
0.0
0.0 2005
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

17Z9
0.0
0.0
0.0 2005
0.0 <w
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

173.9
173.9
0.0 2005
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0



COL ROW
PLASM

E 11
E 12
E 13
E 14
E 15
F 1
F 2
F 3
F 4
F 5
F 6
F 7
F 8
F 9
F 10
F 11
F 12
F 13
F 14
F 15
G 1
G 2
G 3
G 4
G 5
G 0
G 7
G 8
G 9
G 10
G 11
G 12
G 13
G 14
G 15
G 16
G 17
H 3
H 4
H 5
H 6
H 7
H 8
H 9
H 10
H 11
H 12
H 13
H 14
H 15
H 16
H 17
I 5

COL ROW
MODFLOW

5 49
5 48
5 47
5 46
5 45
6 59
6 58
6 57
6 56
6 55
6 54
6 53
6 52
6 51
6 50
6 49
6 48
6 47
6 46
6 45
7 59
7 58
7 57
7 56
7 55
7 54
7 53
7 52
7 51
7 50
7 49
7 48
7 47
7 46
7 45
7 44
7 43
8 57
8 56
8 55
8 54
8 53
8 52
8 51
8 50
8 49
8 48
8 47
8 46
8 45
8 44
8 43
9 55

HYDRAULIC
CONDUC
ft/day
219.36
283.41
283.41
283.41

0.00
299.49
299.49
299.49
369.57
369.57
369.57
369.57
369.57
274.70
346.39
346.39
219.36
219.36
225.25
225.25

1.34
1.34

191.08
408.03
408.03
408.03
423.44
423.44
369.57
267.73
346.39
346.39
219.36
346.39
225.25
225.25

0.00
1.34
1.34

408.03
393.96
393.96
393.96
408.03
267.73
267.73
346.39
212.39
190.28
190.28
225.25
225.25

1.34

S

0.04987
0.04987
004987
0.04987

1 918196*12
0.04987
004987
0.04987
0.04987
004987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
004987
0.04987
0.04987

1.91819E*12
1918196*12

0.04987
0.04987
0.04987
004987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04967
0.04987
0.04987

1 918196*12
1.918196*12
1 .918196*12

004987
004967
0.04987
004967
0.04987
004987
004967
004987
004987
004967
004987
0.04987
004967

1 918196*12

INTIAL
HEAD
ft. msl

390
395
395
395
420
395
390
390
390
390
390
390
390
390
395
396
390
390
395
395
400
400
395
396
390
390
390
380
390
395
395
395
390
395
395
395
430
400
400
395
395
390
390
390
395
395
400
395
395
395
395
395
400

CONST
RATE

aid/day
0
0
0
0
0

6684.5
8684.5
8684.5
6684.5
6684.5
6684.5
6684.5
6684.5
66845
6684.5

0
0
0
0
0
0
0

8684.5
6884.5
6684.5
6684.5
8684.5
8884.5
8684.5
6684.5
6684.5
8684.5

0
0
0
0
0
0
0

6684.5
6684.5
66845
6684.5
66845
66845
6684.5

0
0
0
0
0
0
0

RECHARGE

ft/day
0.00193
7.11701
7.11701
4.67689
0.00000
0.00288
0.00288
0.00288
0.00288
0.00286
0.00288
0.00288
0.00364
0.00384
0.00268
0.00193
0.00218
0.00208
7.52369
4.67689
0.00000
0.00000
0.00671
0.00480
000637
0.00637
O.OO480
0.00441
0.00441
0.00288
000288
000364
0.04627
0.00218
8.74375
4.67689
0.00000
0.00000
0.00000
0.00288
0.00384
0.00288
000249
0.00345
000499
000384
0.00614
0.00206
0.00206
000231
7.52369
7.52369
0.00000

LAND
ELEV
ft. msl

400
407
407
395
430
405
406
405
400
400
400
400
405
405
405
406
407
406
409
395
600
600
425
415
418
418
410
406
408
405
405
410
408
407
415
395
430
600
600
405
415
410
406
408
416
410
404
406
406
408
409
409
600

STREAM
BED ELEV.
ft. msl

385
372
372
372
420
390
390
390
385
385
385
385
385
385
390
390
390
390

,372
372
590
590
390
390
390
390
365
385
385
390
390
390
372
390
372
372
420
590
590
390
395
395
395
390
390
390
372
390
390
390
372
372
590

S
WT.

0.1918
0.1918
0.1918
0.1918

19186*12
0.1916
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1916

1.918E+12
19186*12

0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1916
0. 1918
01918

1.9186*12
1.9166*12
1.9186*12

0.1916
0. 1918
0 1 9 1 8
0. 1916
0 1 9 1 8
01918
019 18
0 1 9 1 8
0 1 9 1 8
0.1918
01918
0.1918
0. 1918

1.9186*12

TOPAQ.

ft. msl
400
372
372
372
430
405
405
406
400
400
400
400
406
405
405
405
407
406
372
372
600
600
425
415
418
418
410
408
408
405
405
410
372
407
372
372
430
600
600
405
415
410
408
406
416
410
372
405
405
405
372
372
600

BOTTOM
AQ ELEV
ft. msl

320
320
320
320
300
300
300
300
280
280
280
280
260
280
320
320
320
320
320
320
370
370
300
300
300
300
300
300
280
280
320
320
320
320
320
320
320
380
380
300
300
300
300
300
280
280
320
320
320
320
320
320
380

MISS. SPEC1FIEI
MILE FLUX
miles cu. ft./de

0.0
174.5
174.8
175 1
0.0
0.0 1872
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

17S.4
175.4
0.0
0.0
0.0
0.0
0.0
0.0
00
0.0
0.0
0.0
0.0
0.0

175.3
0.0

176.1
1764
0.0
0.0
00
00
00
0.0
0.0
00
0.0
0.0

175 1
0.0
00
0.0

176.9
177.4
0.0



COL ROW
PLASM

1 6
1 7
1 8
1 9
1 10
1 11
I 12
I 13
I 14
I 15
I 10
1 17
I 18
I 19
I 28
I 29
I 30
1 31
I 34
I 35
I 30
I 37
1 44
1 45
1 40
J 0
J 7
J 8
J 9
J 10
J 11
J 12
J 13
J 14
J 15
J 16
J 17
j 18
J 19
J 20
J 21
J 22
j 23
J 24
J 25
J 26
J 27
J 28
J 29
J 30
J 31
J 32
J 33

COL ROW
MODFLOW

9 54
g 53
g 52
g si
g so
g 49
g 48
9 47
9 46
9 45
g 44
g 43
g 42
g 41
g 32
g 31
g ao
g 29
g 20
g 25
9 24
g 23
9 16
9 15
9 14
10 54
10 53
10 52
10 51
10 50
10 49
10 48
10 47
10 46
10 45
10 44
10 43
10 42
10 41
10 40
10 39
10 38
10 37
10 36
10 35
10 34
10 33
10 32
10 31
10 30
10 29
10 28
10 27

HYDRAULIC
CONDUC.
ft/day
480.39
480.39
480.39
480.39
299.49
267.73
267.73
267.73
207.73
161.00
161.00
161.00
22S.2S
225.25

1.34
1.34

338.35
338.35
01.37
01.37
01.37
0.00
0.00
0.00
0.00
1.34

340.39
340.39
340.39
346.39
299.49
207.73
207.73
267.73
267.73
252.72
252.72
252.72
252.72
331.11
331 . 1 1
331 . 1 1
331.11
331 . 1 1
331. 1 1
338.35
224.05
185.32
185.32
236.38
236.38
331.92
331.92

S

0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04967
0.04987
0.04887
0.04887
0.04967
0.04887
0.04967
0.04887
0.04987
0.04867
0.04887
0.04987
0.04987
0.04987

1.91819E*12
1818196*12
1.916196*12
1918186*12
1.918196*12

0.04987
0.04887
0.04987
0.04967
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04967
0.04987
0.04987
0.04987
0.04987
0.04967
0.04987
004967
004987
004987
0.04987
0.04987
0.04987
004987
0.04967
0.04967
0.04987

WTIAL
HEAD
ft. msl

395
395
396
395
385
400
395
385
385
396
386
396
385
396
386
396
385
395
400
400
400
430
430
430
430
400
395
385
386
396
405
395
385
385
385
395
395
395
395
395
395
395
395
395
395
395
395
400
400
400
400
395
395

CONST
RATE

cu. (Uday
6664.5
8684.5
6684.5
6684.5
6664.5

0
6684.5
6684.5
6684.5

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

8684.5
8684.5
6684.5
6684.5

0
6684.5
6664.5
6664.5
8684.5
6684.5
6684.5

0
0
0
0
0
0
0
0
0
0

6684.5
66845
6684.5
6684.5

0
0

RECHARGE

ft/day
0.00288
0.00288
0.00288
0.00480
0.00480
0.06714
0.00230
0.00345
0.00326
0.00193
0.00244
0.00360
2.33845
2.33845
4.06686
4.08686
3.86352
3.86352
0.00193
0.00183
0.00193
0.00000
0.00000
0.00000
0.00000
0.00000
000480
0.00480
0.00480
0.00460
0.08139
0.00288
0.00364
000403
0.00326
0.00384
0.00364
0.00308
0.00231
833707
5.49026
447355
447355
447355
447355
427020
4.27020
0.00326
0.00288
0.00326
0.00345
3.66018
1.83009

LAND
ELEV.
ft. msl

405
406
406
415
415
407
402
408
407
405
409
416
395
395
395
385
385
385
405
405
405
430
430
430
430
600
415
415
415
415
404
405
408
411
407
410
410
414
406
414
400
395
395
395
395
395
395
412
410
412
413
413
395

STREAM
BED ELEV.
ft. msl

390
390
390
390
390
372
390
390
390
390
390
390
372
372
375
375
376
376
390
390
390
420
420
420
420
580
390
390
390
390
372
390
390
390
390
390
390
390
390
373
373
373
373
373
373
374
374
395
395
395
395
377
377

S
WT

0.1918
0.1918
0.1918
0.1918
0.1818
01918
0.1918
0.1918
0.1918
0.1918
0.1818
0.1918
0.1918
0.1818
0.1918
01818
0.1818
0.1918
0.1918
0.1918
0.1918

1.9186*12
1.9186*12
1.9186*12
1.9186*12
1.9186*12

0.1918
0.1918
0.1918
0.1918
0.1918
0.1916
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
01918
0.1916
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
01918
019 18
0. 1918

TOPAO.

ft. msl
405
405
405
415
415
372
402
408
407
405
409
418
372
372
375
375
376
376
388
388
368
430
430
430
430
800
415
415
415
415
372
405
409
411
407
410
410
414
408
373
373
373
373
373
373
374
374
412
410
412
413
377
377

BOTTOM
AO. ELEV.
ft. msl

320
320
320
320
300
280
280
280
280
280
280
280
320
320
340
340
340
340
340
340
340
320
320
320
320
380
320
320
320
320
300
280
280
280
280
280
280
280
280
340
340
340
340
340
340
340
340
320
320
340
340
340
340

MISS SPECIFIED
MILE FLUX
miles cu. ft/day

0.0
0.0
0.0
0.0
ao

175.4
0.0
0.0
0.0
0.0
0.0
0.0

177.2
177.5
183.5
163.8
184.4
164.7
187.7
187.9
188.3
ao
ao
ao
ao
ao
0.0
ao
0.0
ao

176.1
0.0
0.0
0.0
0.0
ao
0.0
0.0
0.0

178.7
179.1
179.5
180.0
180.4
180.9
181 .5
1822
0.0
0.0
0.0
0.0

185.5
185.8



COL ROW
PLASM

J 34
J 35
J 36
J 37
J 38
J 39
J 40
J 43
K 7
K 8
K »
K 10
K 11
K 12
K 13
K 14
K 15
K 18
K 17
K 18
K 19
K 20
K 21
K 22
K 23
K 24
K 25
K 28
K 27
K 28
K 29
K 30
K 31
K 32
K 33
K 34
K 35
K 36
K 37
K 36
K 41
K 42
K 46
L 8
L 9
L 10
L 11
L 12
L 13
L 14
L 15
L 16
L 17

COL ROW
MODFLOW

10 26
10 25
10 24
10 23
10 22
10 21
10 20
10 17
11 53
11 52
11 51
11 50
11 49
11 48
11 47
11 46
11 45
11 44
11 43
11 42
11 41
11 40
11 39
11 38
11 37
11 38
11 35
11 34
11 33
11 32
11 31
11 30
11 29
11 28
11 27
11 26
11 25
11 24
11 23
11 22
11 . 19
11 18
11 14
12 52
12 51
12 50
12 49
12 48
12 47
12 46
12 45
12 44
12 43

HYDRAULIC
CONDUC.
ft/day
227.26
75.44
87.77
87.77
0.00
0.00
0.00
0.00
1.34

212.39
212.39
212.39
299.49
267.73
267.73
267.73
358.85
358.85
343.84
345.72
252.72
252.72
333.79
333.79
333.79
338.35
338.35
311.82
185.32
185.32
185.32
206.09
206.09
206.09
206.09
338.35
338.35
75.44
75.44
0.00
0.00
0.00
0.00
1 .34

212.39
212.39
191.08
267.73
267.73
267.73
358.85
348.80
348.80

S

0.04967
0.04967
0.04987
0.04967

1.918196+12
1.910196*12
1918196*12
1918196+12
1918196+12

0.04967
0.04967
0.04967
0.04987
0.04987
0.04967
0.04987
004987
0.0*987
0.04987
6.04987
0.04967
0.04967
0.04907
0.04967
0.04967
0.04967
0.04967
0.04967
0.04967
004987
0.049(7
0.04987
0.04987
0.04987
0.04967
0.04967
0.04967
0.04967
0.04967

1.918196+12
1.918196+12
1.918196+12

0.04987
1.918196+12

0.04967
0.04967
004967
004987
0.04987
004987
004987
0.04987
0.04987

IKTIAL
HEAD
ft. msl

405
405
400
400
430
430
430
430
400
395
386
396
405
395
396
396
395
396
395
394
396
395
396
306
395
395
395
400
400
400
400
400
400
400
400
395
406
405
405
415
430
430
410
400
395
395
410
395
395
395
395
400
400

CONST
RATE

cu.1l/diy
0
0
0
0
0
0
0
0
0

6664.5
66645
6664.5

0
6664.5
6864.5
6684.5
6684.5
6864.5
6684.5
6884.5
6664.5
6684.5
6664.5
6684.5
66645
6684.5
6684.5
6664.5
6664.5
6664.5
6884.5
6664.5
6664.5
6664.5
6684.5

0
0
0
0
0
0
0
0
0

6684.5
6664.5

0
6684.5
6684.5
6664.5
6664.5
6684.5
6664.5

RECHARGE

ft/day
0.00193
0.00193
0.00321
0.00321
0.00000
0.00000
0.00000
0.00000
0.00000
0.00286
0.00286
0.00286
0.05947
0.00326
0.00364
0.00403
0.00326
0.00345
0.00403
0.00384
0.00286
0.00499
0.00499
0.00518
0.00480
0.00575
0.00633
0.00460
0.00326
0.00326
0.00326
0.00345
0.00307
0.00345
0.00364

27.39377
10.27266
0.00193
0.00193
0.00000
0.00000
0.00000
0.00193
0.00000
0.00288
0.00288
0.06330
0.00403
0.00384
0.00384
0.00403
0.00269
0.00268

LAND
ELEV.
ft msl

415
415
415
415
430
430
430
430
600
405
405
405
403
407
409
411
407
406
411
409
406
416
416
417
415
420
423
419
412
412
412
413
411
413
414
420
405
415
415
415
430
430
420
550
405
405
406
411
410
410
411
409
410

STREAM
660 ELEV
ft. msl

400
400
390
390
420
420
420
420
590
390
390
390
372
390
390
390
390
390
390
369
390
390
390
390
390
390
390
395
395
395
395
395
395
395
395
380
390
400
400
410
420
420
405
540
390
390
373
390
390
390
390
395
395

S
W.T.

0.1918
01918
0.1918
0.1918

19186+12
19186+12
19186+12
19186+12
19166+12

0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1916
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1916
0.1918
0.1918
0.1916
0.1916
0.1918
0.1916
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1916

1 9186+12
1.918E+12
1.918E+12

0.1918
1.918E+12

0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1916
0.1918

TOPAO

ft. msl
415
415
415
415
430
430
430
430
600
405
405
405
372
407
408
411
407
406
411
409
405
416
416
417
415
420
423
419
412
412
412
413
411
413
414
378
360
415
415
415
430
430
420
550
405
405
373
411
410
410
411
409
410

BOTTOM
AQ. ELEV.
ft. msl

340
340 •
340
340
320
320
320
320
380
320
320
320
300
280
280
280
280
280
280

. 280
280
280
320
320
320
320
320
320
320
320
320
320
320
320
320
340
340
340
340
320
320
320
360
380
320
320
300
280
280
280
280
280
280

MISS. SPECIFIED
MLE FLUX
miles cu. fUday

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

177.2
0.0
0.0
0.0
0.0

. 0-0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

194.0
194.5
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

178.2
0.0
0.0
0.0
0.0
0.0
0.0

C-4



COL ROW
PLASM

L 18
L 18
L 20
L 21
L 22
L 23
L 24
L 25
L 26
L 27
L 28
L 28
L 30
L 31
L 32
L 33
L 34
L 35
L 36
L 37
L 38
L 38
L 40
L 41
L 42
L 43
L 44
L 45
L 46
M 8
M 10
M 11
M 12
M 13
M 14
M 15
M 16
M 17
M 18
M 19
M 20
M 21
M 22
M 23
M 24
M 25
M 26
M 27
M 28
M 29
M 30
M 31
M 32

COL ROW
MODFLOW

12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13

42
41
40
38
38
37
36
35
34
33
32
31
30
28
28
27
26
25
24
23
22
21
20
18
18
17
16
15
14
51.
50
48
48
47
46
45
44
43
42
41
40
38
38
37
36
35
34
33
32
31
30
29
28

HYDRAULIC
CONOUC.
ft/day
348.80
348.80
348.80
458.22
459.22
459.22
404.68
404.68
404.68
404.68
185.32
185.32
300.70
320.53
320.53
320.53
320.53
320.53
253.93
253.93
75.44
75.44
75.44
75.44
58.63
09.14
53.80
69.14
0.00
0.00
1.34

191.08
288.48
267.73
267.73
348.80
348.80
348.60
348.80
261.30
348.80
348.80
348.80
459.22
404.68
404.68
404.68
404.68
311 .82
311 .82
320.53
320.53
320.53

S

0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04967
0.04907
0.04987
0.04907
0.04987
0.04987
0.04987
0.04907
0.04967
0.04987
0104907
0.04967
0.04967
0.04987
0.04907
0.04907
0.04987
0.04967
0.04987
0.04907

1.91B19E+12
0.04987
0.04907
0.04907
0.04987
0.04907
0.04907
0.04907
0.04987
0.04987
0.04987
0.04987
0.04967
0.04967
0.04967
0.04967
0.04967
0.04967
0.04967
0.04967
004967
0.04967
004967
004907

HTML
HEAD
ft. msl

400
400
400
400
400
400
400
400
400
400
400
400
405
405
406
405
406
405
406
406
406
405
406
406
406
410
410
410
410
400
400
410
395
395
395
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
405
406
405

CONST
RATE

cu. ft/day
8684.5
6664.5
6664.5
6684.5
6664.5
6664.5
6664.5
6684.5
66645
6664.5
6664.5
6664.5
6664.5
6684.5
6684.5
6684.5
6684.5
6664.5

0
0
0
0
0
0
0
0
0
0
0
0

8957.2
0

6664.5
6664.5
6664.5
6684.5
6664.5
6664.5
6684.5
6664.5
6664.5
6664.5
6664.5
66645
6664.5
6684.5
66645
6664.5
6664.5
6684.5
6684.5
6664.5
6664.5

RECHARGE

ft/day
0.00288
0.00269
0.00288
0.00326
0.00403
0.00326
0.00208
0.00269
0.00326
0.00403
0.00364
0.00364
0.00269
0.00345
0.00345
0.00326
0.00269
0.00288

24.65439
15.75142
0.00193
0.00193
0.00193
0.00193
0.00244
0.00193
0.00193
0.00193
0.00193
0.00000
0.00257
0.06906
0.00384
0.00384
0.00345
0.00249
0.00269
0.00288
0.00307
0.00288
0.00345
0.00384
0.00422
0.00441
000422
000230
0.00249
0.00326
0.00307
0.00364
0.00249
0.00288
0.00422

LAND
ELEV.
ft msl

410
409
410
412
416
412
410
409
412
416
414
414
414
418
418
417
414
415
418
406
415
415
415
415
406
420
420
420
420
550
450
409
410
410
406
408
409
410
411
410
413
415
417
418
417
407
408
412
411
414
413
415
422

STREAM
BED ELEV.
ft msl

395
395
395
395
396
395
395
395
396
395
395
396
400
400
400
400
400
400
382
382
400
400
400
400
386
405
405
405
405
540
430
373
390
390
390
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
400
400
400

S
W.T.

0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
01916
0.1918
0.1918
0.1918
0.1918
a 1918
0.1918
0.1918
0.1916
0.1918
0.1918
0.1918

1.916E+12
0.1918
0.1918
0.1918
01918
0.1918
0.1918
01918
0.1918
0.1918
01918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1916
0.1918
0.1918

TOPAQ.

ft msl
410
409
410
412
416
412
410
409
412
416
414
414
414
418
418
417
414
415
382
382
415
415
415
415
386
420
420
420
420
650
450
373
410
410
408
408
409
410
411
410
413
415
417
418
417
407
406
412
411
414
413
415
422

BOTTOM
AQ. ELEV
ft msl

280
260
280
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
340
340
340
380
340
360
380
380
360
360
380
300
300
280
280
280
280
280
260
280
260
260
260
320
320
320
320
320
320
320
320
320
320

MHS. SPECVCD
MLE FLUX
mite* cu. ft/day
ao
ao
0.0
ao
ao
ao
0.0
0.0
ao
ao
ao
ao
ao
ao
ao
ao
ao
ao

194.0
194.0
ao
ao
ao
ao

19Z1
ao
0.0
0.0
ao
ao
ao

176.7
0.0
ao
ao
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0



COL ROW
•^ PLASM
..!--•'

M 33
M 34
M 35
M 36
M 37
M 38
M 39

'. M 40
M 41
M 42
M 43
M 44
M 45
M 46
N 10
N 11

^— N 12
N 13
N 14
N 15
N 16
N 17
N 18

V-; N 19
N 20
H 21
N 22
N 23
N 24
N 25
N 26
N 27

-— N 28
N 29
N 30
N 31
N 32
N 33
N 34
N 35
N 36
N 37
N 38
N 39
N 40
N 41
N 42
N 43
N 44
N 45
N 46
O 10
O 11

COL ROW
MODFLOW

13 27
13 26
13 25
13 24
13 23
13 22
13 21
13 20
13 19
13 18
13 17
13 16
13 15
13 14
14 50
14 49
14 48
14 47
14 46
14 45
14 44
14 43
14 42
14 41
14 40
14 39
14 38
14 37
14 36
14 35
14 34
14 33
14 32
14 31
14 30
14 29
14 28
14 27
14 26
14 25
14 24
14 23
14 22
14 21
14 20
14 19
14 18
14 17
14 16
14 15
14 14
15 50
15 49

HYDRAULIC
CON DUG
ft/day
320.53
320.53
346.39
346.39
346.39
249.11
200.60
227.26
75.44
75.44
59.63

259.02
259.02

0.00
0.00

191.08
299.49
299.49
290.51
290.51
261.30
261.30
261.30
261.30
261.30
261.30
261.30
332.72
332.72
311.82
311.82
311.82
311.82
311.82
320.53
309.54
309.54
309.54
320.53
320.53
320.53
320.53
320.53
407.90
504.11
200.60
227.26
227.26
298.69
219.36

0.00
0.00

169.81

S

0.04907
004967
004987
004987
004867
0.04967
0.049B7
0.04967
0.04987
0.04987
0.04987
004987
0.04907
0.04987

1.91819E*12
0.04907
0.04967
0.04907
0.04907
0.04987
0.04987
0.04907
0.04987
0.04987
0.04987
0.04907
0.04987
0.04907
0.04907
0.04907
0.04907
0.04907
0.04907
0.04987.
0.04907
004907
0.04907
0.04907
0.04907
0.04987
0.04967
004967
004907
0.04907
0.04987
0.04987
0.04987
004987
004987
0.04907
0.04987

1 918196-12
0.04987

IMTIM.
HEAD
ft. msl

405
405
405
405
405
406
405
40S
405
405
406
410
410
410
400
395
395
396
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
405
410
410
410
405
405
405
405
405
405
405
405
405
405
405
410
410
400
400

CONST
RATE

cu. (Uday
6684.5
6664.5
6684.5
6684.5
6684.5

0
0
0
0
0
0
0
0
0
0

6884.5
6604.5
6604.5
8884!
6684.5
6884.5
0884.5
6684.5
0004.5
6684.5
6684.S
0884.5
0884.5
0684.5
0884.5
0684.5
6684.5
88*45
6684.5
6664.5

0
0
0

6684.5
6684.S
8684.5
6684.5
6684.5

0
0
0
0
0
0
0
0
0

8684.5

RECHARGE

ft/day
0.00384
0.00230
0.00345
000391
0.00357
14.38173
000193
0.00193
0.00193
0.00193

26.02408
0.00193
000193
0.00193
000000
0.00288
0.00384
0.00288
0.00192
0.00230
0.00208
0.00326
0.00364
0.00384
0.00403
0.00422
0.00480
0.00364
0.00403
0.00249
0.00249
0.00288
0.00288
0.00326
0.00249
0.00460
0.00269
000192
0.00364
0.00422
0.00441
0.00460
000441
10.27266
11.64235
0.00193
0.00193
0.00193
23.28470
0.00193
0.00193
0.00000
0.00269

LAND
ELEV.
ft. msl

420
420
420
424
421
405
415
415
415
415
405
420
420
420
475
405
410
406
405
407
410
412
414
415
416
417
420
414
416
406
408
410
410
412
413
412
422
420
419
422
423
424
423
405
405
415
415
415
405
420
420
475
409

STREAM
BED ELEV.
ft. msl

400
400
390
390
390
384
400
400
400
400
386
405
405
405
465
390
390
390
395
395
395
395
395
396
395
395
395
395
395
396
395
395
395
395
400
400
415
415
400
400
400
400
400
390
388
400
400
400
388
405
405
465
395

S
W.T.

0.1918
0.1918
01918
0.1918
01916
0.1918
0.1918
0.1918
0.1918
0.1918
0.1916
0.1918
0.1916
0.1918

1.91BE+12
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1916
0.1918
0.1918
0.1918
01918
0.1918
0.1918
0.1918
0.1918
0.1916
0.1918
0.1916
0.1918
0.1918
0.1918
0.1918
0.1918
01910
0.1918
0.1918
0.1918
0.1918
0.1918
01918
01918
0.1918
0.1918
0.1918

1.91BE+12
0.1916

TOPAO.

ft. msl
420
420
420
424
421
384
415
415
415
415
386
420
420
420
475
405
410
405
406
407
410
412
414
415
416
417
420
414
416
408
408
410
410
412
413
412
422
420
419
422
423
424
423
388
388
415
415
415
388
420
420
475
409

BOTTOM
AO ELEV
ft. msl

320
320
320
320
320
320
320
340
340
340
340
360
360
360
380
300
300
300
300
300
200
200
260
280
280
200
280
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
340
340
340
340
340
380
300

MSS. SPECFED
MILE FLUX
miles cu. It/day

0.0
0.0
0.0
0.0
0.0

194.0
0.0
0.0
0.0
0.0

192.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

194.0
194.0
0.0
0.0
0.0

192.8
0.0
0.0
00
0.0

C-6



COL ROW
PLASM

0 12
0 13
0 14
0 15
O 16
O 17
O 16
0 19
0 20
0 21
0 22
0 23
0 24
O 25
0 26
0 27
0 28
O 20
O 30
0 31
0 32
0 33
O 34
O 35
0 36
O 37
O 38
O 39
0 40
O 41
0 42
O 43
O 44
O 45
0 46
P 10
P 11
P 12
P 13
P 14
P 15
P 16
P 17
P 18
P 19
P 20
P 21
P 22
P 23
P 24
P 25
P 26
P 27

COL ROW
MODFLOW

15 48
15 47
15 46
15 45
15 44
15 43
15 42
15 41
15 40
15 39
15 38
15 37
15 36
15 35
15 34
15 33
IS 32
15 31
15 30
15 29
15 28
16 27
15 26
15 25
15 24
15 23
15 22
15 21
15 20
15 19
15 18
15 17
15 16
15 15
15 14
16 50
16 49
16 48
16 47
16 46
16 45
16 44
16 43
16 42
16 41
16 40
16 39
16 38
16 37
16, 36
16 35
16 34
16 33

HYDRAULIC
CONOUC
ft/day
281.67
273.36
273.36
273.36
273.36
273.36
246.83
261.30
261.30
261.30
261.30
261.30
290.51
290.51
273.36
273.36
294.53
273.36
265.86
320.53
309.54
423.44
423.44
423.44
423.44
423.44
440.32
440.32
440.32
504.11
504.11
240.40
240.40
195.64

0.00
0.00

185.32
273.36
273.36
273.36
273.36
273.36
273.36
241.33
255.27
255.27
255.27
255.27
261.30
261.30
290.51
290.51
273.36

S

0.04987
004987
0.04987
0.04967
004987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
004987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04887
0.04887
0.04987
004987
0.04987
0.04987
0.04987
0.04987
0.04887
0.04987
0.04987
0.04987

1.91819E-M2
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
004967
004 987
004987
0.04987
0.04987
004987
004987
0.04987
0.04987
004987
004987

INTML
HEAD
ft. msl

395
400
400
400
400
400
400
400
400
406
405
406
400
400
400
400
400
400
406
405
410
410
410
410
410
410
405
406
406
406
405
40S
405
410
410
400
400
400
400
400
400
400
400
405
40S
405
405
405
400
400
400
400
400

CONST
RATE

cu ft/day
6684.5
6884.5
6684.5
6684.5
6684.5
6684.5
6684.5
8684.5
6684.5
6684.5
8684.5
8684.5
8684.5
8684.5
8684.5
6684.5

0
66845
8684.5
6684.5

0
0
0
0
0
0

8884.5
8684.5
6684.5

0
0
0
0
0
0
0

6684.5
6684.5
6684.5
6684.5
66845
66845
6684.5
6684.5
6684.5
6684.5
8684.5
6684.5
66845
6684.5
6684.5
66845
6684.5

RECHARGE

ft/day
0.00307
0.00173
0.00230
000211
000326
0.00364
0.00441
0.00345
0.00364
0.00907
0.00326
0.00328
0.00153
0.00288
0.00289
0.00384
0.01842
0.00249
0.00286
0.00326
0.00153
0.00230
0.00153
0.00192
000192
0.00345
0.00441
0.00288
0.00326
18.49079
11.64235
23.28470
23.28470
0.00193
0.00193
0.00000
0.00345
0.00384
0.00326
0.00307
0.00364
0.00384
0.00422
0.004O3
0.00441
000307
0.00326
0.00326
000403
0.00173
000269
0.00403
0.00326

LAND
ELEV
ft. msl

406
404
407
406
412
414
418
413
414
416
417
417
403
410
409
414
408
406
415
417
419
421
419
420
420
424
423
41 S
417
415
4O5
406
406
420
420
475
413
414
412
411
414
415
417
421
423
416
417
417
416
404
409
416
412

STREAM
BED ELEV.
ft. msl

390
395
395
395
395
395
395
395
395
400
400
400
396
395
395
395
398
395
400
400
415
415
415
415
415
415
400
400
400
388
388
388
388
405
405
465
395
395
396
395
395
395
395
400
400
400
400
400
395
395
395
395
395

S
W.T.

0.1918
01918
0.1918
0.1916
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1916
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1916
0.1916
0.1918
0.1918
0.1918

19186*12
0.1918
0.1916
0.1918
0.1918
0.1918
01918
0.1918
0.1916
0.1918
0.1916
0.1918
0.1918
0.1918
0.1916
0.1918
0.1918
0.1918

TOPAQ.

ft. msl
406
404
407
406
412
410
418
413
414
416
417
417
403
410
409
414
398
408
415
417
419
421
419
420
420
424
423
415
417
388
388
388
388
420
420
475
413
414
412
411
414
415
417
421
423
416
417
417
416
404
409
416
412

BOTTOM
AQ. ELEV.
ft. msl

300
300
300
300
300
300
280
280
280
280
280
280
300
300
300
300
300
300
300

. 320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
380
320
300
300
300
300
300
300
280
280
280
280
280
280
280
300
300
300

MISS. SPECIFIED
MILE FLUX
miles cu. ft./day

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

194.0
194.0
192.8
193.5
0.0
0.0
0.0
0.0
0.0
00
0.0
0.0
0.0
0.0
0.0
0.0
00
0.0
0.0
0.0
0.0
0.0
0.0
0.0



COL ROW COL ROW
PLASM MODFLOW

P 28
P 29
P 30
P 31
P 32
P 33
P 34
P 35
P 36
P 37
P 38
P 39
P 40
P 41
P 42
P 43
P 44
P 45
P 46
Q 10
Q 11
Q 12
Q 13
Q 14
Q 15
Q 16
0 17
Q 18
Q 19
O 20
0 21
Q 22
Q 23
Q 24
Q 25
Q 26
Q 27
Q 28
Q 29
Q 30
Q 31
Q 32
Q 33
Q 34
Q 35
Q 36
Q 37
Q 36
Q 39
Q 40
Q 41
Q 42
Q 43

16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17

32
31
30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
SO
49
48
47
46
45
44
43
42
41
40
39
38
37
36
35
34
33
32
31
30
29
28
27
26
25
24
23
22
21
20
19
18
17

HYDRAULIC
CONOUC.
ft/day
273.36
294.53
273.36
265.86
282.20
369.57
369.57
369.57
369.57
440.32
423.44
440.32
440.32
440.32
440.32
440.32
504.11
407.90
240.40

0.00
311.82
311.62
273.36
273.36
273.36
265.86
265.86
265.86
265.86
241.33
241.33
255 .27
255.27
261.30
261.30
290.51
273.36
273.36
273.36
273.36
294.53
265.86
265.86
353.89
353.89
353.89
353.89
282.20
282.20
262.20
369.57
369.57
274.70

S

0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987

1.91819E+12
0.04967
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
004987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
004987
0.04987
0.04987
0.04987
004967
004967
0.04987
0.04987
004987
0.04987

tow.
HEAD
ft. msl

400
400
400
405
405
410
410
410
410
406
410
406
405
405
405
406
405
405
405
406
400
400
400
400
400
406
406
405
405
405
405
405
406
400
400
400
400
400
400
400
403
405
405
410
410
410
410
405
405
405
410
410
410

CONST
RATE

cu.tUJay
8684.5

0
8684.5
8684.5
6684.5

0
0
0
0

6884.5
0

6684.5
6684.5
6884.5
6684.5
8684.5

0
0
0
0

68845
6684.5
6884.5
6684.5
8684.5
8684.5
6684.5
8684.5
8684.5
8684.5
8684.5
6884.5
66845
6684.5
8684.5
8684.5
66845
6684.5
6684.5
6684.5

0
6664.5
6684.5

0
0
0
0

6684.5
66845
66845
8957.2
8957.2
8957.2

RbCHARGE

ft/day
. 0.00307

0.01842
0.00249
0.00230
0.00288
0.00192
0.00115
0.00153
0.00192
0.00364
0.00230
0.00288
0.00288
0.00249
0.00173
0.00249
17.80695
11.64235
23.26470
0.00000
0.00192
0.00328
0.00384
0.00345
0.00384
0.00345
0.00345
0.00403
0.00833
0.00307
0.00328
0.00286
0.00307
0.00345
0.00134
0.00153
0.00307
0.00326
O.OO364
0.00173
0.01842
0.00384
0.00364
0.00192
0.00269
0.00269
0.00192
O.OO364
0.00288
0.00249
0.00231
0.00270
0.00244

LAND
ELEV.
ft. msl

411
406
408
412
415
420
418
419
420
419
421
415
415
413
409
413
414
405
406
475
406
412
415
413
415
418
418
421
433
418
417
415
416
413
402
403
411
412
414
404
406
420
419
420
422
422
420
420
415
413
413
416
414

STREAM
BED ELEV.
ft. msl

395
396
395
400
400
415
415
415
415
400
415
400
400
400
400
400
388
388
388
485
396
396
396
396
396
400
400
400
400
400
400
400
400
395
395
395
395
395
395
395
398
400
400
415
415
415
415
400
400
400
395
395
395

S
W.T.

0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
01918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918

1. 9186*12
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
01918
0.1918
0.1918
01918
0.1918
0.1918
0.1918
0.1918
01918
0.1918
0.1918

TOPAQ.

ft. msl
411
398
408
412
415
420
418
419
420
419
421
415
415
413
409
413
388
368
388
475
406
412
415
413
415
418
418
421
433
416
417
415
416
413
402
403
411
412
414
404
396
420
419
420
422
422
420
420
415
413
413
416
414

BOTTOM
AQ. ELEV.
ft. msl

300
300
300
300
300
300
300
300
300
320
320
320
320
320
320
320
320
320
320
380
320
320
300
300
300
300
300
300
300
280
280
280
280
280
280
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300

MISS. SPECFEO
MILE FLUX
miles cu. It/day

0.0
0.0
0.0
0.0
0.0
0.0
0.0
00
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

194.0
194.0
193.5
0.0
0.0
0.0
0.0
0.0
0.0
00
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
00
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
00
0.0
0.0
0.0
0.0
0.0
00
0.0
0.0

C-8



COL ROW
PLASM

0 44
0 45
Q 46
R 11
R 12
R 13
R 14
R 15
R 16
R 17
R 18
R 19
R 20
R 21
R 22
R 23
R 24
R 25
R 26
R 27
R 28
R 20
R 30
R 31
R 32
R 33
R 34
R 35
R 36
R 37
R 38
R 39
R 40
R 41
R 42
R 43
R 44
R 45
R 46
S 12
S 13
S 14
S 15
S 16
S 17
S 18
S 19
S 20
S 21
S 22
S 23
S 24
S 25

COL ROW
MODFLOW

17 16
17 15
17 14
18 49
18 48
18 47
18 46
18 45
18 44
18 43
18 42
18 41
18 40
18 39
18 38
18 37
18 36
18 35
18 34
18 33
18 32
18 31
18 30
18 29
18 28
18 27
18 26
18 25
18 24
18 23
18 22
18 21
18 20
18 19
18 18
18 17
18 16
18 15
18 14
19 48
19 47
19 46
19 45
19 44
19 43
19 42
19 41
19 40
19 39
19 38
19 37
19 36
19 35

HYDRAULIC
CON DUC
ft/day
179.69
179.69
207.30

0.00
185.32
311 .82
273.36
273.36
273.36
26586
265.86
265.86
241.33
241.33
255.27
255.27
255.27
261.30
261.30
290.51
273.36
273.36
273.36
294.53
294.53
265.86
265.86
259.02
259.02
259.02
259.02
274.70
274.70
274.70
274.70
274.70
274.70
274.70
274.70

0.00
185.32
185.32
185.32
169.91
273.36
281 .67
265.86
265.86
265.86
255.27
255.27
255.27
255.27

S

004987
0.04987
0.04987

1 91819E«12
0.04987
004987
004987
0.04987
0.04987
004987
0.04987
0.04987
0.04967
0.04987
0.04987
OCX 987
004987
004987
0.04967
0.04967
0.04967
004987
0.04967
004967
0.04967
0.04987
0.04987
0.04987
0.04987
0.04967
0.04967
0.04967
004967
004967
0.04967
004967
004987
0.04987
004987

1 91819E+12
004987
004987
004987
004987
004987
004987
0.04987
0.04987
004987
004987
004967
004987
0.04987

WTIAL
HEAD
ft. msl

410
410
406
400
400
400
400
400
400
405
405
405
405
405
40S
405
405
400
400
400
400
400
400
403
403
405
405
410
410
410
410
410
410
410
410
410
410
410
405
405
400
400
400
400
400
410
405
405
405
405
405
405
405

CONST
RATE

cu. (I/day
8957.2

0
0
0

6684.5
6684.5
6664.5
6684.5
6684.5
6684.5
6664.5
6684.5
6684.5
6684.5
6684.5
6664.5
6684.5
6684.5
6664.5
6684.5
6884.5
6684.5
86645

0
0

66645
6684.5

0
0
0
0

89572
6957.2
8957.2
8957.2
8957.2
8957.2
8957.2

0
0

66845
6684.5
66845
6684.5
66845

0
6684.5
6684.5
6684.5
6684.5
66845
66845
66645

RECHARGE

ft/day
0.00257
0.00321
3696159
0.00000
000288
000384
0.00403
0.00384
0.00326
000288
0.00211
0.00192
0.00269
0.00288
0.00384
0.00286
0.00345
0.00364
0.00134
0.00211
000266
0.00364
0.00364
0.01842
0.01642
0.00364
000364
0.00269
0.00192
0.00153
000230
000308
0.00244
0.00218
0.00231
0.00244
0.00283
000437
005270
000000
000230
000230
000307
000364
0.00307
0.01343
000249
000269
000230
000422
0.00268
000364
000403

LAND
ELEV
ft. msl

415
430
416
500
410
415
416
415
412
415
411
410
414
415
420
415
418
414
402
406
410
414
414
406
406
419
419
422
420
419
421
419
414
412
413
414
417
429
430
500
407
407
411
414
41 1
412
413
414
412
422
415
419
421

STREAM
BED ELEV.
ft. msl

395
405
389
490
395
395
395
395
395
400
400
400
400
400
400
400
400
395
395
395
395
395
395
398
398
400
400
415
415
415
415
395
395
395
395
395
395
395
389
490
395
395
395
395
395
405
400
400
400
400
400
400
400

S
W.T.

0.1918
0.1918
01918

1.918E+12
0.1918
01918
0.1918
0.1918
0.1918
0.1918
01918
01918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
01918
01918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
01918
0 19 18
0. 1918
01918

1918E+ 12
0 1918
0 19 18
01918
0 19 18
0 19 18
0.1918
0.1918
019 18
0 19 18
0 19 18
0.1916
0 1 9 1 8
0 1 9 1 8

TOPAQ.

ft. msl
415
430
389
500
410
415
416
415
412
415
411
410
414
415
420
415
416
414
402
406
410
414
414
396
396
419
419
422
420
419
421
419
414
412
413
414
417
429
389
500
407
407
411
414
411
415
413
414
412
422
415
419
421

BOTTOM
AQ. ELEV.
ft. msl

300
300
300
380
320
320
300
300
300
300
300
300
280
280
280
280
280
280
280
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
380
320
320
320
300
300
300
300
300
300
280
280
280
280

MISS. SPECIFIED
MILE FLUX /<T^
mites cu. ft./day ';;.;•

0.0
0.0

195.2
00
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0 ' —— "
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
00
0.0
0.0
0.0
o.o •***'
0.0
0.0
0.0
0.0
00

195.6
0.0
0.0
0.0
0.0
00
00
0.0
00
0.0
00
00
00
0.0
0.0



COL ROW
PLASM

S 26
S 27
S 28
S 29
S 30
S 31
S 32
S 33
S 34
S 35
S 36
S 37
S 38
S 39
S 40
S 41
S 42
S 43
S 44
S 45
S 46
T 13
T 14
T 15
T 16
T 17
T 18
T 19
T 20
T 21
T 22
T 23
T 24
T 25
T 26
T 27
T 28
T 29
T 30
T 31
T 32
T 33
T 34
T 35
T 36
T 37
T 38
T 39
T 40
T 41
T 42
T 43
T 44

COL ROW
MODFLOW

19 34
19 33
19 32
19 31
19 30
19 29
19 28
19 27
19 26
19 25
19 24
19 23
19 22
19 21
19 20
19 19
19 18
19 17
19 16
19 18
19 14
20 47
20 46
20 45
20 44
20 43
20 42
20 41
20 40
20 38
20 38
20 37
20 36
20 35
20 34
20 33
20 32
20 31
20 30
20 29
20 28
20 27
20 26
20 25
20 24
20 23
20 22
20 21
20 20
20 19
20 18
20 17
20 16

HYDRAUUC
CONOOC
ft/day
261.30
261.30
261.30
246.83
246.83
246.83
281.70
265.86
265.86
265.86
265.86
259.02
259.02
259.02
259.02
259.02
259.02
259.02
259.02
252,72
252,72

0.00
185.32
263.85
263.85
249.64
249.64
249.64
265.86
265.86
255.27
255.27
255.27
255.27
255 .27
255.27
277.65
277.65
261.70
261.70
261.70
261.70
241.33
241 33
241.33
241.33
241.33
241.33
236.36
236.38
236.38
236.38
231.69

S

0.04967
004917
0.04967
0.04987
0.04967
0.04967
0.04987
0.04967
0.04967
0.04907
0.04967
0.04987
0.04967
0.04967
0.04967
0.04967
0.04987
0.04967
0.04987
0.04967
004987

1918196*12
0.04967
0.04967
0.04967
001535

. 0.01535
0.01 S3S
0.04967
0.04967
004987
0.04967
0.04967
0.04967
0.04967
0.04967
0.04987
0.04967
0.04967
0.04967
0.04967
0.04967
0.04987
0.04967
0.04967
004987
004967
0.04967
004967
0.04967
0.04967
0.04967
0.04967

NTIAL
HEAD
ft. msl

400
400
400
400
400
400
403
405
406
405
406
410
410
410
410
410
410
410
410
410
410
405
400
410
410
406
405
405
405
406
40S
406
406
406
405
405
403
403
403
403
403
403
405
405
405
405
405
405
410
410
410
410
410

CONST
RATE

cu. IL/day
6664.5
6664.5
6664.5
6684.5
6604.5
6684.5

0
6664.5
6884.5
6884.5
6884.5
8957.2
8957.2
8967.2
89572
89572
89672
89572
89572
89572

0
0

6684.5
0
0

6684.5
6864.5
6884.5
6684.5
6684.5
8864.5
6684.5
6684.5
8684.5
8684.5
6684.5

0
0
0
0
0
0

6684.5
6684.5
6684.5
6684.5
6684.5
6684.5
8957.2
89S72
89S7.2
89572
89572

RECHARGE

ft/day
0.00289
0.00192
0.00307
0.00384
0.00326
0.00288
0.01842
0.00384
0.00384
0.00422
0.00364
0.00283
0.00321
0.00257
0.00386
0.00321
0.00334
0.00257
0.00257
0.00334
0.04884
0.00000
0.00153
0.00384
0.00384
0.00230
0.00269
0.00268
0.00307
0.00422
0.00384
0.00307
0.00384
0.00384
0.00364
0.00288
0.01842
0.01842
0.01842
0.01842
0.02762
0.01842
000345
0.00345
0.00345
0.00326
0.00326
0.00364
0.00373
0.00411
0.00398
0.00386
0.00334

LAND
ELEV.
ft. msl

409
405
411
415
412
410
408
419
420
422
419
417
420
415
425
420
421
415
415
428
427
500
403
407
407
412
414
415
416
422
420
416
419
420
419
415
406
406
406
406
406
406
416
416
416
417
417
419
424
427
426
425
426

STREAM
BED ELEV.
ft. msl

395
395
395
395
395
395
398
400
400
400
400
395
395
395
395
395
395
396
396
400
389
490
396
405
405
400
400
400
400
400
400
400
400
400
400
400
396
396
398
398
398
396
400
400
400
400
400
400
395
395
395
395
400

S
W.T.

0.1918
01918
0.1918
0.1916
0.1948
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
01918

19186*12
0.1916
0.1918
0.1918
0.1916
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1916
0.1916
0.1918
0.1918
0.1916
0.1916
0.1916
0.1916
0.1916
0.1916
0.1918
019 18
0 19 18
0.1916
0 1916
0.1918
0. 1916

TOPAQ.

ft. msl
409
405
411
415
412
410
396
419
420
422
419
417
420
415
425
420
421
415
415
428
389
500
403
407
407
406
406
408
416
422
420
416
419
420
419
415
396
398
396
398
396
396
418
418
418
417
417
419
424
427
426
425
426

BOTTOM
AQ. ELEV.
ft. msl

280
280
280
280
260
280
280
300
300
300
300
300
300
300
300
300
300
300
300
300
300
320
320
300
300
300
300
300
300
300
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280

MBS. SPECIFED
MH£ FLUX
miles cu. ft/day

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

1981
0.0
0.0
0.0
0.0
0.0
0.0
00
0.0
0.0
0.0
0.0
0.0
0.0
0.0
00
00
0.0
0.0
0.0
0.0
0.0
00
0.0
0.0
0.0
0.0
00
00
0.0
0.0
0.0
0.0

C-10



COL ROW
PLASM

T 45
T 46
U 14
U 15
U 16
U 17
U 18
U 19
U 20
U 21
U 22
U 23
U 24
U 25
U 26
U 27
U 28
U 29
U 30
U 31
U 32
U 33
U 34
U 35
U 36
U 37
U 38
U 39
U 40
U 41
U 42
U 43
U 44
U 45
U 46
V 15
V 16
V 17
V 18
V 19
V 20
V 21
V 22
V 23
V 24
V 25
V 26
V 27
V 28
V 29
V 30
V 31
V 32

COL ROW
MODFLOW

20 15
20 14
21 46
21 45
21 44
21 43
21 42
21 41
21 40
21 39
21 38
21 37
21 36
21 35
21 34
21 33
21 32
21 31
21 30
21 29
21 28
21 27
21 26
21 25
21 24
21 23
21 22
21 21
21 20
21 19
21 18
21 17
21 16
21 15
21 14
22 45
22 44
22 43
22 42
22 41
22 40
22 39
22 38
22 37
22 36
22 35
22 34
22 33
22 32
22 31
22 30
22 29
22 28

HYDRAULIC
CONOUC.
ft/day
231.69
231.69

0.00
272.02
272.02
272.02
249.64
249.64
265.86
265.86
282.20
255.27
255.27
255.27
255.27
255.27
255.27
277.65
255.27
255.27
261.70
241.33
241.33
241.33
241.33
241.33
236.38
236.38
236.38
236.38
236.38
236.38
231.69
231.69
231.69

0.00
161.07
272.02
272.02
249.64
249.64
265.86
265.86
255.27
339.69
33969
339.69
255.27
255.27
255.27
255.77
313.69
282.20

S

0.04967
0.04967

191819E+ 12
0.04967
0.01535
0.01535
0.01535
0.01535
0.01535
0.04967
0.04967
0.04967
0.04967
0.04987
0.04967
0.04967
0.04967
0.04987
0.04987
0.04987
0.04987
0.04967
0.04967
0.04967
0.04967
0.04967
0.04987
0.04967
0.04967
0.04987
0.04967
004967
004967
004967
0.04967

1.918196*12
0.01535
001535
0.01535
001535
001535
004987
004967
004987
004987
0.04987
0.04987
004967
004987
004987
004967
004987
004987

INTIAL
HEAD
ft. msl

410
410
400
405
405
405
405
405
405
406
405
405
405
405
405
405
405
403
405
405
403
405
405
405
405
405
410
410
410
410
410
410
410
410
410
400
405
405
405
405
405
405
405
405
405
405
405
405
405
405
405
403
405

CONST
RATE

cu. ft/day
8957.2

0
0

8957.2
8957.2
8957.2
8957.2
6684.5
6684.5
6664.5
6664.5
6684.5
6664.5
86845
6664.5
6664.5
6664.5

0
8664.5
6664.5

0
6664.5
6664.5
6684.5
6684.5
6664.5
6957.2
8957.2
8957.2
89577
8957.2
8957.2
8957.2
89577

0
0

6684.5
66645
6684.5
66845
66845
6684.5
6684.5
6684.5
66845
66845
66845
G684.5
66845
6684.5
66845

0
6684.5

RECHARGE

ft/day
0.00334
0.00488
000000
0.00244
0.00270
000306
000283
0.00288
0.00269
0.00288
0.00288
0.00307
0.00345
0.00364
0.00326
0.00230
0.00288
0.01842
0.00134
0.00153
0.01842
0.00192
0.00288
0.00269
000345
0.00364
0.00306
0.00347
0.00360
0.00973
0.00398
0.00386
0.00296
0.00306
004627
000000
000499
0.00422
0.00595
0.00345
0.00364
000441
000364
0.00249
000269
0.00307
0.00364
000173

' 000288
0.00326
0.00288
001842
000345

LAND
ELEV
ft. msl

426
427
500
409
411
414
412
415
414
415
415
416
418
419
417
412
415
406
407
408
406
410
415
414
418
420
419
422
423
424
426
425
423
424
425
500
416
417
421
418
419
423
419
413
414
416
419
409
415
417
415
406
418

STREAM
BED ELEV.
ft. msl

400
389
490
390
390
390
390
400
400
400
400
400
400
400
400
400
400
398
400
400
396
400
400
400
400
400
395
395
395
395
395
395
400
400
389
490
390
395
390
400
400
400
400
400
400
400
400
400
400
400
400
398
400

S
W.T.

0.1918
0.1918

1.91BE«12
01918
0.1918
0.1918
0.1916
0.1918
01916
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
01918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1916
0.1918
0.1918

1 916E»12
01918
0.1918
019 18
01918
0 19 18
0 19 18
019 18
0.1918
0.1918
0 1 9 1 8
0.1918
0 19 18
0 19 18
019 18
019 18
019 18
01918

TOPAQ.

ft. msl
426
389
500
409
406
406
406
406
406
415
415
416
418
419
417
412
415
398
407
408
396
410
415
414
418
420
419
422
423
424
426
425
423
424
389
500
406
406
406
406
406
423
419
413
414
416
419
409
415
417
415
396
418

BOTTOM
AO. ELEV.
ft. msl

280
280
380
320
320
320
300
300
300
300
300
280
280
280
280
260
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
380
320
320
320
300
300
300
300
280
280
280
280
280
280
280
280
300
300

MISS SPECIFCD
MILE FLUX
mites cu. ft. /day

0.0
196.7
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
00
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
00
0.0
0.0
0.0
0.0
0.0

197.2
0.0
0.0
0.0
0.0
0.0
0.0
00
00
0.0
0.0
0.0
0.0
0.0
0.0
0.0
00
0.0
0.0



COL ROW
PLASM

V 33
V 34
V 35
V 36
V 37
V 38
V 39
V 40
V 41
V 42
V 43
V 44
V 45
V 46
W 16
W 17
W 18
W 19
W 20
W 21
W 22
W 23
W 24
W 25
W 26
W 27
W 28
W 29
W 30
W 31
W 32
W 33
W 34
W 35
W 36
W 37
W 38
W 39
W 40
W 41
W 42
W 43
W 44
W 45
W 46
X 17
X 18
X 19
X 20
X 21
X 22
X 23
X 24

COL ROW
MODFLOW

22 27
22 26
22 25
22 24
22 23
22 22
22 21
22 20
22 19
22 18
22 17
22 16
22 15
22 14
23 44
23 43
23 42
23 41
23 40
23 39
23 38
23 37
23 36
23 35
23 34
23 33
23 32
23 31
23 30
23 29
23 28
23 27
23 26
23 25
23 24
23 23
23 22
23 21
23 20
23 19
23 18
23 17
23 16
23 15
23 14
24 43
24 42
24 41
24 40
24 39
24 38
24 37
24 36

HYDRAULIC
CONOUC.
ft/day
282.20
282.20
282.20
282.20
274.70
274.70
274.70
274.70
274.70
274.70
267.73
252.72
252.72
252.72

1.34
158.12
272.02
272.02
249.64
265.86
265.86
282.20
339.69
339.69
339.69
339.69
255.27
255.27
282.20
282.20
269.07
274.70
282.20
274.70
274.70
274.70
274.70
274.70
274.70
274.70
274.70
267.73
267.73
25272
281.67

1.34
158.12
158.12
272.02
290.78
265.66
282.20
381.23

S

0.04987
0.04987
0.04967
0.04967
0.04987
0.04967
0.04967
0.04967
0.04967
0.04987
0.04967
004987
0.04987
0.04987

1.91819E+12
0.01535
001535
0.01535
0.01535
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04967
0.04987
0.04967
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987

1 91819£»12
0.01535
0.01535
0.04987
0.04987
0.04987
0.04987
0.04987

MTML
HEAD
ft. msl

405
406
405
405
410
410
410
410
410
410
410
410
410
415
400
405
405
406
405
405
405
405
406
405
406
406
405
406
405
405
410
410
405
405
410
410
410
410
410
410
410
410
410
410
415
400
405
4O5
405
405
405
405
405

CONST
RATE

cu. ft/day
6684.5
8684.5
6684.5
8684.5
8957.2
8957.2
8957.2
89577
8957.2
89577
89577
89577
89577

0
0

89577
89577
89577
6684.5
8684.5
8684.5
8684. S
6664.5
6684.5
6684.5
6684.5
6684.5
6684.5
6684.5
6684.5
89577
89577
6684.5
89577
89577
89577
89577
8957.2
8957.2
89577
8957.2
8957.2
8957.2
8957.2

0
0

8957.2
8957.2
8957.2
8957.2
6664.5
6684.5
6684.5

RECHARGE

ft/day
0.00384
0.00134
0.00288
0.00326
0.00321
0.00334
0.00347
0.00347
0.00373
0.00386
0.00308
0.00308
0.00321
0.04498
0.00000
0.00398
0.00450
0.00463
0.00384
0.00384
0.00384
0.00345
0.00288
0.00326
0.00326
0.00326
0.00192
0.00364
0.00286
0.00364
0.00321
0.00321
0.00173
0.00180
0.00244
0.00321
0.00347
0.00347
0.00347
0.00360
0.00347
000283
0.00306
0.00334
004627
000000
0.00321
0.00321
0.00360
0.00193
000364
000364
0.00326

LAND
ELEV.
ft. msl

420
407
415
417
420
421
422
422
424
425
424
424
425
424
500
426
425
426
420
420
420
418
414
417
417
417
410
419
415
419
424
420
409
409
414
420
422
422
422
423
422
422
424
426
425
500
420
420
423
410
419
419
417

STREAM
BED ELEV.
ft. msl

400
400
400
400
395
395
395
395
395
395
400
400
400
389
490
396
390
390

• 400
400
400
400
400
400
400
400
400
400
400
400
399
395
400
395
395
395
395
395
395
395
395
400
400
400
389
490
395
395
395
395
400
400
400

S
W.T.

0.1918
01918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
01918
0.1918
0.1918
0.1918
0.1918
0.1918

1 .9186*12
0.1918
0.1918
0.1918
01916
0.1918
0.1918
0.1918
01918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1916
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
01918
0.1918
0.1918
0. 1918
0 1 9 1 8
0.1918

1.918E*12
0.1918
0.1918
0.1918
0.1918
019 18
0.1918
019 18

TOPAQ.

ft. msl
420
407
415
417
420
421
422
422
424
425
424
424
425
369
500
406
406
408
408
420
420
418
414
417
417
417
410
419
415
419
424
420
409
409
414
420
422
422
422
423
422
422
424
426
389
500
406
406
423
410
419
419
417

BOTTOM
AO. ELEV.
ft. msl

300
300
300
300
300
300
300
300
300
300
300
300
300
300
380
320
320
320
300
300
300
300
260
280
280
280
280
280
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
320
380
320
320
320
320
300
300
300

MISS. SPECFED
MILE FLUX
miles cu. ft./da;

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

197.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

1967
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

C-12



COL ROW
PLASM

X 29
X 26
X 27
X 28
X 29
X 30
X 31
X 32
X 33
X 34
X 35
X 36
X 37
X 38
X 39
X 40
X 41
X 42
X 43
X 44
X 45
X 46
Y 18
Y 19
Y 20
Y 21
Y 22
Y 23
Y 24
Y 25
Y 26
Y 27
Y 28
Y 29
Y 30
Y 31
Y 32
Y 33
Y 34
Y 35
Y 36
Y 37
Y 38
Y 39
Y 40
Y 41
Y 42
Y 43
Y 44
Y 45
Y 46
Z 21
Z 22

COL ROW
MODFLOW

24 35
24 34
24 33
24 32
24 31
24 30
24 29
24 28
24 27
24 26
24 25
24 24
24 23
24 22
24 21
24 20
24 19
24 18
24 17
24 16
24 15
24 14
25 42
25 41
25 40
25 39
25 36
25 37
25 36
25 35
25 34
25 33
25 32
25 31
25 30
25 29
25 28
25 27
25 26
25 25
25 24
25 23
25 22
25 21
25 20
25 19
25 18
25 17
25 16
25 15
25 14
26 39
26 38

HYDRAULIC
CONOUC.
ft/day
381.23
339.69
339.69
339.69
339.69
381.23
274.70
274.70
274.70
274.70
274.70
274.70
274.70
274.70
274.70
274.70
274.70
274.70
267.73
267.73
299.49

0.00
1.34
1.34
1.34

290.78
290.78
274.70
274.70
369.57
369.57
369.57
331.11
331. 1 1
369.57
274.70
274.70
274.70
274.70
274.70
274.70
274.70
274.70
274.70
274.70
274.70
274.70
29949
299.49
29949

0.00
1.34
1.34

S

0.04907
0.04907
0.04987
0.04987
0.04907
004987
004987
0.04987
0.04907
0.04987
0.04987
0.04907
0.04907
0.04907
0.04907
0.04907
0.04907
0.04907
0.04907
004907
0.04907
0.04907

1.918196*12
1 .818186*12
1.918196+12

0.04907
0.04907
0.04907
0.04907
0.04907
0.04907
0.04907
0.04907
0.04907
004987
004907
0.04907
0.04907
0.04967
004907
004987
004907
004907
0.04967
0.04907
004907
004907
0.04907
0.04987
0.04967
0.04907

1 91819E«12
1 .918196+12

WTIAL
HEAD
ft. msl

405
405
405
405
406
406
410
410
410
410
410
410
410
410
410
410
410
410
410
410
410
410
400
400
405
406
405
405
406
406
405
406
410
410
405
410
410
410
410
410
410
410
410
410
410
410
410
410
410
415
415
405
405

CONST
RATE

eu. ft/day
6684.5
6684.5
6684.5
6684.5
6684.5
6684.5
0957.2
6957.2
0967.2
6957.2
8957.2
69577
89572
6957.2
80672
89572
89672
09572
09672
09572
09672
09672

0
0
0

09672
09672
09572
09572
89572
08672
09572
09572
09672
09672
09672
69572
89572
8957.2
8957.2
8957.2
8957.2
0957.2
89572
8957.2
89572
89572
8957.2
8957.2
8957.2
89572

0
0

RECHARGE

ft/day
0.00364
0.00345
0.00345
0.00153
000249
0.00364
0.00321
0.00296
0.00244
0.00218
0.00193
0.00321
0.00321
0.00321
0.00334
0.00334
0.00347
0.00347
0.00283
0.00203
0.00411
0.00347
0.00000
0.00000
0.00000
0.00321
0.00296
0.00270
0.00300
0.00296
0.00306
0.00296
0.00270
0.00244
0.00180
0.00231
0.00244
0.00244
0.00218
000231
0.00308
0.00308
0.00306
0.00321
0.00334
0.00334
0.00321
0.00270
0.00308
0.00437
0.00360
000000
0.00000

LAND
ELEV.
ft. msl

419
418
418
408
413
419
420
418
414
412
410
420
420
420
421
421
422
422
422
422
432
427
SOD
500
500
420
418
416
419
418
419
418
416
414
409
413
414
414
412
413
419
419
419
420
421
421
420
421
424
434
428
500
500

STREAM
BED ELEV
ft. msl

400
400
400
400
400
400
395
395
396
395
395
395
396
396
395
395
395
395
400
400
400
400
490
490
490
396
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
400
400
400
400
490
490

S
W.T.

0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1910
0.1910

1.9186*12
1.9106*12
1.918E*12

0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
01918
01918
0.1918
0.1918
01916
01918
0.1918
0.1918
019 18
01918

1 9186*12
1 9186*12

TOPAQ.

ft. msl
419
418
418
408
413
419
420
418
414
412
410
420
420
420
421
421
422
422
422
422
432
427
600
500
500
420
418
416
419
418
419
418
416
414
409
413
414
414
412
413
419
419
419
420
421
421
420
421
424
434
428
500
500

BOTTOM
AQ. ELEV.
ft msl

300
280
200
280
280
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
320
320
300
300
300
320
320
300
300
300
300
300
280
280
300
300
300
300
300
300
300
300
300
300
300
300
300
320
320
320
320
380
380

MISS. SPECriED
MILE FLUX
miles cu. ft/day

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0



COL ROW
PLASM

Z 23
Z 24
Z 25
Z 26
Z 27
Z 28
Z 29
Z 30
Z 31
Z 32
Z 33
Z 34
Z 35
Z 36
Z 37
Z 38
Z 39
Z 40
Z 41
Z 42
Z 43
Z 44
Z 45
Z 46

AA 23
AA 24
AA 25
AA 26
AA 27
AA 28
AA 29
AA 30
AA 31
AA 32
AA 33
AA 34
AA 35
AA 36
AA 37
AA 38
AA 39
AA 40
AA 41
AA 42
AA 43
AA 44
AA 45
AA 46
BB 24
BB 25
BB 26
BB 27
BB 28

COL ROW
MODFLOW

26 37
26 36
26 35
26 34
26 33
26 32
26 31
26 30
26 29
26 28
26 27
26 26
26 25
26 24
26 23
26 22
26 21
26 20
26 19
26 18
26 17
26 16
26 15
26 14
27 37
27 36
27 35
27 34
27 33
27 32
27 31
27 30
27 29
27 28
27 27
27 26
27 25
27 24
27 23
27 22
27 21
27 20
27 19
27 18
27 17
27 16
27 15
27 14
28 36
28 , 35
28 34
28 33
28 32

HYDRAULIC
CONDUC.
tt/day
290.51
309.54
274.70
274.70
369.57
369.57
369.57
369.57
274.70
274.70
274.70
274.70
274.70
274.70
309.54
309.54
195.64
309.54
309.54
309.54
299.49
299.49
299.49

0.00
1.34

169.91
273.36
276.58
290.78
290.78
353.89
353.89
259.02
274.70
274.70
274.70
274.70
274.70
309.54
309.54
195.64
195.64
195.64
299.49
299.49
299.49
206.09

0.00
1.34
0.00
0.00
0.00
0.00

s

0.04967
0.04987
0.04987
0.01 535
0.01535
0.01535
004987
004967
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
004967
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987

1.91819E+12
0.04987
0.01535
0.01535
0.01535
0.01535
0.01535
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
004987

1 918196*12
1.91819E-H2
1918196* 12
191819E-H2
191819E«12

IKT1AL
HEAD
ft. msl

405
406
406
405
405
410
410
410
410
410
410
410
410
410
410
410
410
410
410
410
415
415
415
415
406
405
405
406
406
410
410
410
410
410
410
410
410
410
410
410
410
410
410
415
415
415
415
415
405
405
405
405
405

CONST
RATE

cu. ft/day
89572
8957.2
8957.2
8957.2
8957.2
8957.2
8957.2
89572
8957.2
8967.2
8957.2
8967.2
8957.2
89672
89672
89572
89572
89572
89S72
89572
88672
89572
89672
89572

0
89572
89572
89572
89572
89672
89S72
88572
89S72
89572
89572
89572
89572
89572
89572
89572
89572
89572
89572
89572
89572
89572
89572
89572

0
0
0
0
0

RECHARGE

ft/day
0.00231
0.00437
0.00334
0.00334
0.00283
0.00270
0.00298
0.00308
0.00308
0.00244
0.00218
0.00244
0.00296
0.00306
0.00308
0.00306
0.00321
0.00270
0.00283
0.00306
000347
0.00411
0.00411
0.00360
0.00000
0.00437
0.00380
0.00334
0.00231
0.00334
0.00218
0.00308
000321
000257
0.00218
0.00206
0.00218
0.00257
0.00321
0.00308
0.00308
0.00321
0.00270
0.00386
0.00424
0.00476
0.00514
000668
0.00000
0.00000
0.00000
0.00000
0.00000

LAND
ELEV
ft. msl

423
429
421
421
417
416
418
419
419
414
412
414
418
419
419
419
420
421
422
424
427
432
432
433
500
439
433
429
418
426
417
424
425
420
417
416
417
420
425
424
424
425
421
430
433
437
445
457
500
SCO
500
500
500

STREAM
BED ELEV.
ft. msl

405
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
395
400
400
400
400
400
400
405
490
405
405
403
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
405
405
490
490
490
490
490

S
W.T.

0.1918
0.1918
0.1916
0.1918
0.1916
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1916
0.1918
0.1918
0.1918
0.1818
0.1918
0.1918
0.1918

1.91BE+12
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1818
0.1918
0.1918
0.1918
0.1918
0.1818
0.1918
0.1918
0.1918
01918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918

1918E+12
1 918E»12
1.918E+12
1.918E+12
1.9186*12

TOPAQ.

ft msl
423
429
421
406
406
406
418
419
419
414
412
414
418
419
419
419
420
421
422
424
427
432
432
433
500
439
408
406
406
408
406
424
425
420
417
416
417
420
425
424
424
425
421
430
433
437
445
457
500
500
500
500
500

BOTTOM
AQ. ELEV.
ft. msl

320
320
300
300
300
300
300
300
300
300
300
300
300
300
320
320
320
320
320

• 320
320
320
320
340
380
320
320
320
320
320
300
300
300
300
300
300
300
300
320
320
320
320
320
320
320
320
340
340
320
320
320
320
320

MSS. SPECFIED
MLE FLUX
miles cu. fUday

0.0
00
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
o.o
0.0
0.0

C-14



COL ROW
PLASM

BB 29
BB 30
BB 31
BB 32
BB 33
BB 34
BB 35
BB 36
BB 37
BB 38
BB 39
BB 40
BB 41
BB 42
BB 43
BB 44
BB 45
BB 46
CC 30
CC 31
CC 32
CC 33
CC 34
CC 35
CC 36
CC 37
CC 36
CC 39
CC 40
CC 41
CC 42
CC 43
CC 44

COL ROW
MODFLOW

26 31
28 30
28 29
28 28
28 27
28 26
28 25
28 24
28 23
28 22
28 21
28 20
28 19
28 16
28 17
28 16
28 15
28 14
2$ 30
29 29
26 26
29 27
29 26
29 25
29 24
29 23
29 22
29 21
29 20
29 19
29 18
29 17
29 16

HYDRAULIC
CONOUC
ft/day

0.00
273.36
273.36
290.51
290.51
290.51
290.51
290.51
290.51
186.93
186.93
186,93
186.93
186.93
206.09
206.09

1.34
1.34
1.34
1.34
1.34
1.34
1.34
1.34
1.34
1.34
1.34
1.34
1.34
1.34
1.34
1.34
1.34

S

1 91819E*12
0.049872817
0.049872817
0.049872817
0.049872817
0.049872817
0049872817
0.049872817
0049872817
0.049872817
0.049872817
0.049872817
0.049872817
0.049872817
0.049872817
0.049872817
1.91819E*12
1 .918196*12
1.918196*12
1.918196*12
1.91819E»12
1.91819E«12
1918196*12
1 .918196*12
1918196*12
1.918196*12
1918196*12
1.918196*12
1.918196*12
1.918196*12
1.918196*12
1.91819E«12
1 .918196*12

INTIAL
HEAD
ft. msl

405
415
415
415
415
415
415
415
415
415
415
415
415
415
415
415
415
415
410
410
415
415
415
415
415
415
415
415
415
420
420
425
420

CONST
RATE

cu. ft/day
0

8957.2
8957.2
8957.2
8957.2
89S7.2
8957.2
8957.2
8957.2
8957.2
8957.2
8957.2
8957.2
89S7.2
8957.2
8957.2

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

RECHARGE

ft/day
. 000000

000321
0.00321
0.00321
0.00321
0.00321
0.00321
000321
000321
000321
0.00321
0.00321
0.00321
000321
0.00321
0.00321
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
000000
000000
000000
0.00000
0.00000
000000
000000
000000
000000
0.00000

LAND
ELEV.
ft. msl

500
430
430
430 .
430
430
430
430
430
430
430
430
430
430
430
430
500
500
SCO
500
500
500
500
500
500
500
500
500
500
500
500
500
500

STREAM
BED ELEV
ft. msl

490
405
405
405
405
405
405
405
405
405
4OS
405
405
405
405
405
490
490
490
490
490
490
490
490
490
490
490
490
490
490
490
490
490

S
W.T

1918E«12
0.1918
0.1918
01918
0.1918
01918
0.1918
0.1918
0.1918 •
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918

1.9186*12
1.9186*12
1.9186*12
1.9186*12
1.9186*12
1.9186*12
1.918E*12
19186*12
1.9186*12
1.9186*12
1.9186*12
1.9186*12
1.9186*12
1.9186*12
1.9186*12
19186*12
1.9186*12

TOPAQ.

ft. msl
500
430
430
430
430
430
430
430
430
430
430
430
430
430
430
430
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500

BOTTOM
AQ. ELEV.
ft. msl

320
320
320
320
320
320
320
320
320
320
320
320
320
320
340

.340
400
400
380
380
400
400
400
400
400
400
400
400
400
400
400
400
4OO

MISS. SPECIFIED
MILE FLUX
mites cu. ft./day

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
00
00
00
0.0
0.0
0.0
0.0
0.0
0.0
o.o
0.0
0.0
0.0
0.0
0.0
00
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
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APPENDIX D

Boundary Data for MODFLOW Groundwater Model.



Horseshoe Lake Cells s s TOPAO
COL , ROW i COL ROW HYDRAU. • W.T.

BOTTOM ! RKhvg* i Const : INT. HEAD STREAM LAND 1 MISS. Ml.
AQ. ELEV. ' ! R«* BED ELEV. ELEV. \

SPECIFIER"
FLUX *;I

CONDUC (FTOAY) fl msl ' n ml '. ft/day cu. (Vday n msl ; fl msl n msl ; mites cu ft/day
0 28 15 32 294.532 0.04887 0.1918J 398 1 300 0.01842 Ol 400 398 406 0.0 '
P 29 16 ' 31 294.532 0.04987 0.1918 3981 300 0.01842 Ol 400 398 406! 0.0 I
Q 30 17 ; 30 273.36 0.04987 0.19U
0 31 17 29 294.532
R 31 ; 18 29 294.532
R
S
T
T
T
T
T
T
U
U
V

32
32
28
29

18 28
18 28
20 32
20

30 20
31
32
33
29
32
31

20
20
20
21
21
22

31
30
29
28
27
31
28
29

294.532
261.702
277.644
277.648
261.702
261.702
261.702
261.702
277.648
261.702
313.694

0.04987 0.1911
0.0498]
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987

Frank Molten State Park Lake
s
T
T

18
15
16

19
20
20

42
45
44

281.668
263.846
263.846

0.04987
0.04987
0.04987

Blue Waters Ditch / Harding Ditch
G
H
I
J
K
L
M

13
12
11
11
11
11
11

7
a
9
10
11
12
13

47
48
49
49
49
49
49

219.358
346.39

267.732
299.49
299.49
191.084
191.084

Cahokia Diversion Channel
Q 46 17 14 207.298
R 46 18 14 :
S 46 19
T 46
U 46

20
21

14
14
14

V 46 22 14
W 46 23 14

274.7
252.724
231.666
231.666
252.724

0.04987
0.04987
0.04987
0.04987
0.04987
0.04987
0.04987

0.04987
0.04987
0.04987
0.04987
0.04987
0.04987

01916
0.1911
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918

0.1918
01918
0.1918

0.1918
0.1918
0.1918
0.1918
0.1918
0.1918
0.1918

404 300 1 0.00173 6684.5 400 395 4O4 0.0
396
398
398
398
398
398
398
398
398
398
398
398
388

415
407
407

372
372
372
372
372
373
373

300 0.01842
300
300
280
280
280
280
280
280
280
280
280
300

300
300
300

320
320
280
300
300
300
300

0.1918 389 300
019181 389
0.1918
0.1918
0.1918
0.1918

281.668 0.04987 0 1918

i
Specified Flux

389
389
389
389
389

300
300
280
280
300
320

0.01842
0.01842
0.01842
0.01842
0.01842
0.01842
0.01842
O.OZ782
0.01842
0.01842
0.01842
0.01842

0.01343
0.00384
0.00384

0.04627
0.00814
0.08714
0.08139
0.06047
0.08330
0.08908

36.98159
0.05270
0.04884
0.00488

0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0

0
0
0
0
0
0
0

0

4031 398| 406: 0.0
4031 398
403
403
403
403
403
403
403
403
403
403
403

410
410
410

390
400
400
405
406
410
410

398
398
398
398
398
398
398
398
398
398
398

405
406
408

372
372
372
372
372
373
373

405 389
0| 406
0
0

0.04627 0
004498 0
0.04627 0

!

410
410
410
415
415

!

A ' 1 1 59 361.8 I 0.04987 0.1918 400 3201 0.00064 0
B 1 2 i 59 274.7 ! 0.04987 0.19181 400 280
C • 1 i '3 59 ' 274.7 0.04987
E 1 5 59
F 1 6 59

274.7 0.04987
299.49 0.04987!

019 18
0.1918
0.1918

400
400
405

280
280
300

390
0.00193 ! 0 390

389
389
389
389
389
389

408I 0.0
408
408
406
406
408
406
408
408
406
406
408

412
407
407

408
404
407
404
409
408
408

416
430
427
427
425
424
425

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0

175.3
175.1
175.4
176.1
177.2
178.2
178.7

195.2
195.6
196.1
198.7
197.2
197.8
198.7

395 1 400 0.0
385 400 0.0

000288 £6845 390 385
0.00288
0.00288

6684.5 390
66845 395

385
390

4001 0.0
400| 0.0
405 0.0

i

^

^-w

6283
2005
2006
2005
1872

V-m
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r
Specified Heads at Eastern Boundary TOP AQ BOTTOM com INT.HEAD ; STREAM i LAND MISS. ML SPECIFIC
COL I ROW COL ROW i HYDRAU. S

, CONOUC.(FT/DAV)
6
G

1 7 58 1.34 1.91626*12
' 2 7 58 1.341.91826*12

S ! AQ. ELEV. Rite ' ' BED ELEV. • ELEV. : j FLUX
w.T. i ft. mcl ft msl ft/day icu. ft/day ft msl ft msl ft msl

1.9186*12
1.9186*12

H 3 8 57 1.34 1.91826*12 1.9186+12
H
I
J
K
L
M
N
0
P
Q
R
S
T
U
V
w
X
Y
Y
Y
Z
Z

AA
BB
BB
BB
BB
BB
BB
CC
CC
CC
CC
CC
CC
CC
CC
CC

4 8 56
5 I 9 55
6 10 54
7 11 53
8 12 52
9 13
10
10
10
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

14
15
16
17
18
19
20
21
22
23
24
25
25
25
26
26
27
28
28
28
28
28
28
29
29
29
29
29
29
29
29

1.34
1.34
1.34
1.34
1.34

51 0.000134
50 0.000134
X : 0.000134
SO
SO
49
48
47
46
45
44
43
42
41
40
39
36
37
36
35
34
33
32
31
30
29
28
27
26
25
24
23

29 22

0.000134
0.000134
0.000134
0.000134
0.000134
0.000134
0.000134

1.34
1.34
1.34
1.34
1.34
1.34
1.34
1.34
1.34

0.000134
0.000134
0.000134
0.000134
0.000134

1.34
1.34
1.34
1.34
1.34
1.34
1.34
1.34
1.34

CC 39 29 21 1.34

1.9182E*12 1.9186*12
1.91826*121 1.9166*12
1.91826*12
1.91826*12
1.91826*12

1.9186*12
1.9166*12
1.9186*12

1.91626*12] 1.9186*12
1.91626*12 19186*12
1.91626*12
1.91826*12
191826*12
1.91826*12
1.91826*12
1.91826*12
1.91826*12
1.91826*12
1.91826*12
1.9186*12
1.91826*12
1.91826*12
1.91826*12
1.91626*12
1.91826*12
1.91826*12
1.91826*12
1.91826*12
1.91826*12
1.91826*12
1.91826*12
1.91826*12
1.91826*12
1.91826*12
1.91826*12
1.91826*12
1.91826*12
1.91826*12
1.91626*12
1.91826*12
1.91826*12
1.91826*12

1.9186*12
1.9186*12
1.9166*12
1.9186*12
1.9186*12
1.9186*12
19186*12
1.9186*12
1.9186*12
1.9166*12
1.9166*12
1.9166*12
1.9166*12
1.9166*12
1.9166*12
1.8166*12
1.9166*12
1.9186*12
1.9166*12
1.9186*12
1.9186*12
1.9186*12
1.9166*12
1.9186*12
1.9186*12
1.9166*12
1.9186*12
1.9186*12
1.9186*12
1.9186*12
1.9186*12
1.9166*12

CC 40 ' 29 : 20 1.34 1.9182E»12J 1.9186*12
CC ! 41 29 IS ! 1.34 1.91826*12 1.9186*12

600 370J 0.00
600
600
600
600
600
600
550
550
475
475
475
475
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500

370
380
380
380

Ol 400
0.00 0
0.00
0.00
0.00

3801 0.00
380
380

0.00
0.00

0
0

400
400
400

Ol 400
0
0
0

380 0.00 0
380 0.00 0
360
380
380
380
380
320
360
360
380
360
380
380
360
380
380
380
320
320
320
320
320
320
380
380
400
400
400
400
400
400
400
400
400
400

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
o.oo
000
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

400
400
400
400
400

Ol 400
Ol 400
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

405
400
405
405
400
400
400
400
400
400
405
405
406
405
405
406
405
405
405
405
410

Ol 410
0
0
0
0
0
0

415
415
415
415
415
415

Ol 415
0.00 0| 415
0.00 0! 415
0.00 0 420

590
590
590
590
590
590
590
540
540
465
465
465
466
490
490
490
490
490
490
490
490
490
490
490
490
490
490
490
490
490
490
490
490
490
490
490
490
490
490
490
490
490
490
490

600
mites

0.0
600 0.0
600
600
600
600
600
550
550
475
475
475
475
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500

0.0
00
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
00
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
00
0.0
0.0
0.0
0.0
0.0

500 0.0
SOOI 0.0

CC 42 29 18 1.34 1.91826*121 1.9186*12 ' SCO 400 0.00 0 420 490 1 500
CC 43 i 29 i 17 i 1.34
CC 44 29 16 1.34
BB
BB

45 28 15
46 28 i 14

1 .91826*12 1.9186*12
1.9182E*12

1.34 1.91B2E»12|
1.34 1.9182E*12

• i

1 .918E*12
1.9186*12
1.9186*12

5001 400
500
500
500

400
400
400

0.00 0 425 490 1 500
0.00
0.00
0.00

0 420 4901 500
0! 415
0 415

490 j 500
490 500

0.0
0.0

cuft/dai

0.0 |
0.0
0.0
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Mississippi River Cells
i Ol ROW COLROW HYDRAU

S S
WT

CONDUC (FT/DAY)
A 3 1
A 4 1
A 5 1
A 6 1
B 7 2
B 8 2
B 9 2
C 10 3
0 1 1 4
D 12 4
E 12 5
E 13 5
E 14 I 5
F 14 i 6
F 15 6
G 15 7
G 16 i 7
H i 16 ! 8
H 17 ! 8
I 18 9
I I 19 ' 9
J 20 10
J '• 21 10
J 22 | 10
J i 23 i 10
J 24 ' 10
J 25 10
J 26 10
J 27 10
I 28 9
I 29 9
I 30 9
I ' 31 9
J 32 10
J 33 10
K 34 11
K 35 11
L 36 12
L 37 12
M 38 13
N 39 14
N 40 14
O 41 15
O 42 15
O 43 15
0 44 15
P 44 16
P 45 16
P 46 16

57 441664
56 290.78
55 290.78
54 290.78
53 290.78
52 290.78
51 290.78
50 287.028
49 ' 283.41
48 283.41
48 283.41
47 j 283.41

' 46 i 28341
46 ; 225.254
45 225.254
45 i 225.254
44 225.254
44 225.254
43 225.254
42 i 225.254
41 I 225.254
40 I 331.114
39 : 331.114
38 ! 331 . 1 14
37 I 331 . 1 14
36 , 331.114
35 331. 1 14
34 338.35
33 224048
32 1.34
31 1.34
30 338.35
29 338.35
28 331.918
27 331 .918
26 338.35
25 338.35
24 25393
23 253.93
22 249106
21 407896
20 504.108
19 504108
18 504 108
17 240.396
16 240396
16 504.108
15 407896
14 240.396

TOP AQ

ft. msl

BOTTOM
AO ELEV.

i flmSl

Con$l INT HEAD STREAM LAND MISS Ml SPECIFIED
R»le BED ELEV ELEV FLUX

ft/day cu. ft/day ft msl ft msl n msl miles cu It/dau
004987: 0 19 18 1 369i 3201 5.28692 0' 3951 369 395 1696 7620

• 004987' 0 19 18 1 370! 3201 5.08358 0| 395i 370 395 170.1 4946
004987 0.1918: 370 1 320
004987! 0 1 9 1 8 1 3701 320
004967 019 18 1 370 320
00498? 01918; 370
004987 01918 370
004987
004987

i 004987
0.04987

t 004987
! 004987
I 0.04987
i 004987
i 004987

004987
0.04987
0.04987
0.04987

019 18 1 371
0.1918! 372
01918, 372

! 0 1918 372

320

506358 Oi 395 1 370 395 1706
; 508358 0 395 370 395 1709
' 508358 0 395 370; 395 1 7 1 7

508358 0 395. 370! 395 1720
320I 508358 Ol 395 370 395' 1723 :
320

: 320
320
320

488023 0 395 371 395 1 7 2 9
671032 0 395 372 405 1 7 3 9
467689 Oi 395] 372! 395! 173.9
711701 Oi 395 372, 407 1745

0. 19 18 1 3721 320! 7 11701 0; 395 372 407 1748
01918 372 i 320
0.19181 3721 320

467689 0 395 372 395 175. 1
7.52369 I 0| 395 372 1 4O9 1754 i

0.19181 372! 320| 4.67689 i 0 3951 372 395 175.4
01918 372! 320
0.1918| 372
0.1918

320
372 1 320

874375 0 395 372 415 1761
467689 0 395 372 395 1764
752369 , Oi 395 372 409 176.9

0.19181 372 i 320! 752369 ; 0 395 372 4O9 177.4
019181 372i 320

004987 1 01918
004987

372 1 320
0.1918| 373J 340

004987 1 019181 373
004987
004967
0.04987
004987
0.04987
004987
004987
004987
004987
0.04987
004987
004987
004987
004987
004987
004987
004987
004987
004987
004967
004987
004987
004987
004987
004987
004987

0.1918 373
019 18 1 373
0.1918
01918
019 18
0 1 9 1 8
0.1918
01918
0. 1918
0 19 18
01918
01918
0 1 9 1 8
0 19 18
0.1918
01918
0 1 9 1 8
0 1 9 1 8
01918
0 1 9 1 8
0 1 9 1 8
0 1 9 1 8
01918
0 19 18
0 19 18
0 19 18

373
373
374
374
375
375
376
376
377
377
378
380
382
382
384
388
388
388
388
388
388
388
388
388

340
340
340
340
340
340
340
340
340
340
340
340
340
340
340
320
320
320
320
320
320
320
320
320
320
320
320

233845 ! Ol 395! 372! 395; 177.2 ,
2.33845 i 01 395! 372 395 177.5
633707 ' Ol 395 373, 414 1787
549026 Ol 395 3731 4001 179.1
447355 Ol 395 373, 395 179.5
447355 0 395 1 373 395 1800
447355 oi 3951 373 395 180.4
447355 Ol 395I 373 395 180.9
427020 : Ol 395 374 395 18 15
427020 0| 395 374 395 162.2
406686 0 395 375| 395 j 183.5
406686 i Oi 395! 375 395 183.8
386352 Oi 395 378 396 1844 i
386352 ' 0! 395; 376 395! 1847 >
366018 0; 3951 377 4131 185.5 i
183009 0 395 377! 395 1858

27 39377 ; 0, 395! 380 420' 1940
1027266 ' 0 405! 390I 405 194 5
2465439 0 405 382 1 418, 1940
1575142 0 405 382 405 1940
1438 173 0 *05 384 405 1940
1027266 0 405 390 405 1940
1164235 0 405 388 405 1940
1849079 0 405 388 415 1940
1 164235 0 405 388 405 1940
2328470 0 405 388 405 1928
2328470 0 405 388I 405 1935
1780595 0 405 388 4 14 , 1940
1 164235 0 405, 388; 405 194.0
2328470 0. 405 388 405! 1935
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Extra Mississippi Cells
COL

i
ROW COL

34 9
1 35 8
1 36
L

8
42 12

M i 43 13
N
0

44 14
44 15

ROW HYDRAU.
S S

i W.T.
CONDUC.(FT/DAY)

26
25

61.372
61.372

24 ; 61.372
18
17

L 59.63
59.63

16 ; 298.686
16 240.396

0.04967 0.1916
0.04987 1 01916
0.04967 0.1918
0.04967: 0.1918
0.04967
0.04967
0.04987

TOPAO.

Ural
388
388
388
388

0.19181 386
0.1918
01918

388
388

BOTTOM
AO. ELEV.
flmsl
' 340

340
340
340
340
340
320

ft/day
0.00193
0.00193
0.00193
0.00244
26.02408
23.26470
2328470

Const
FUM

cu. It/day
0
0
0
0

INT HEAD 1 STREAM

flmsl
400
400
400
405

OJ 406
0
0

405
406

BED ELEV
nm*i

390
390
390
386
388
388
366

LAND i MISS. Ml.
ELEV.
flmsl

405
405
405

mite*
187.7
187.9
188.3

405| 192.1
405
405
405

192.1
192.8
193.5

SPECFED
FLUX

culUdau

CM



APPENDIX E

Input Data Used to Generate Water Level Exceedance
Probability Curves.



1 Ordered Elevations of Annual Highs
ORDER Freq. SWS#3 CORPS 70 BLSTFRN

! ' ' (24,16) (25,12) (28, 170
1 .011 i 415.00 422.97 410.57
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

.022

.033

.044

.055

.066

.077

.088

.099

. 1 10
. .121

.132

.143

.154

.165

.176

.187

.198

.209

.220

.231

.242

.253

.264

.275

.286

.297

.308

.319

.330

.341

.352

.363

.374

.385

.396

.407

.418

.429

.440

.451

.462

.473

.484
45 ; .495

413.98
412.31
412.00
411 .94
411.81
411.64
411.58
411 .57
411 .43
411 .35
411.04
411.02
410.95
410.91
410.84
410.80
410.70
410.61
410.52
410.45
410.37
410.03
409.93
409.89
409.87
409.82
409.65
409.61
409.57
409.51
409.21
409.10
409.02
408.99
408.92
408.92
408.85
408.67^
408.60
408.59
408.59
408.51
408.32
408.28

418.66
418.30
418.00
416.23
415.87
414.62
414.59
414.56
414.48
413.85
413.80
413.51
413.09
413.00
412.96
412.94
412.84
412.73
412.26
411 .80
411.77
411.64
411.49
410.99
410.81
410.57
410.38
410.32
409.93
409.88
409.85
409.65
409.35
409.13
409.01
408.85
408.72
408.49
408.48
408.45
408.42
408.36
408.20
408.11

409.40
409.23
409.10
408.54
408.48
408.40
408.31
408.16
408.13
408.08
408.06
407.91
407.76
407.67
407.66
407.45
407.41
407.12
407.08
407.01
406.91
406.64
406.58
406.48
406.44
406.36
406.22
406.18
406.14
406.09
405.91
405.72
405.62
405.57
405.35
405.28
405.21
404.83
404.68
404.33
404.28
403.86
403.82
403.75

46 .505 : 408.14 408.06 403.68
47 ; .516 408.1 1 408.05 403.53
48 .527 408.04 407.85 I 403.46
49 .538
50 .549
51 .560

408.02 < 407.71 403.31
407.93
407.83

52 .571 407.75
53 .582 407.61

407.61 ! 403.09
407.07
406.91
406.89

403.05
402.82
402.74
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ORDER
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
68
89
90

Freq.
.593
.604
.615
.626
.637
.648
.659
.670
.681
.692
.703
.714
.725
.736
.747
.758
.769
.780
.791
.802
.813
.824
.835
.846
.857
.868
.879
.890
.901
.912
.923
.934
.945
.956
.967
.978
.989

Ordered Elevations of Annual Highs
SWS*3
407.55
407.55
407.47
407.47
407.43
407.36
407.31
407.29
407.19
407.04
406.94
406.84
406.82
406.81
406.77
406.68
406.67
406.63
406.45
406.38
406.34
406.23
406.10
405.83
405.64
405.60
405.45
405.36
405.31
405.28
405.16
405.12
404.73
404.66
404.06
403.82
403.32

CORPS 70 _i BLSTFRN
406.86 402.70
406.78
406.72
406.42
406.25
406.14
406.13
406.04
406.03
405.95
405.65
405..25
405.12
405.10
405.07
404.97
404.90
404.79
404.79
404.66
404.52
404.51
404.42
404.26
403.70
403.58
403.48
402.91
402.80
402.71
402.64
402.27
402.08
401.71
401.49
401.04
400.50

402.68
i_ 402.67

402.66
402.63
402.62
402.59
402.58
402.46
402.41
402.39
402.36
402.33
402.32
402.25
402.20
402.17
402.08
402.06
401.88
401.80
401.80
401.76
401.60
401.43
401.37
401.34
401.33
401.28
401.16
401.04
400.83
400.61
400.53
400.41
400.38
400.00
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! Annual Max. G.W. Elev.
Date j sws #3

(24, 16)
1905 ; 409.82
1906 ! 410.37 i

CORPS 70
(25. 12)
409.01
409.88

BLSTFRN
(28, 17)
407.41
407.45

1907 | 410.52 ' 410.57 : 407.66
1908 i - - - - - - -
1909 j
1910 I
1911
1912
1913
1914
1915
1916
1917
1918
1919
1920
1921
1922
1923
1924
1925
1926
1927
1928
1930
1931
1932
1933
1934
1935
1936
1937
1938
1939
1940
1941
1942
1943
1944
1945
1946
1947
1948
1949
1950

411.57 | 418.00 ! 408.48
412.31 ' -'"
411.04
409.61
412.00
411.58
408.04
409.87
411.02
409.21
408.51
408.60
409.57
410.80
410.91
410.03
409.65
408.28
408.67
413.98
411.35
410.84
407.61
407.04
409.51
406.82
408.99
407.29
408.11
410.70
410.45
407.36

A 405.83
407.43
408.92
409.02
410.61
408.92
408.59

i 407.93
406.68
407.55

41448 ! 409.23
406.89 ! 408.08
403.48
412.96
409.65
404.51
414.56
413.51
412.26
406.14
409.85
412.84
406.78
414.59
406.13
408.72
405.12
410.38
418.66
408.06
405.07
402.80
404.79
407.71
401.04
411.77
405.10
406.42
408.36
408.45
401.71
406.86
408.48
413.09
411.64
412.73
405.65
413.85
406.91
406.04

407.67
408.40
409.10
406.64
406.09
407.08
407.01
406.44
405.91
406.58
408.16
408.13
407.76
407.12
406.18
406.48
409.40
408.31
408.54
406.22
405.21
406.91
405.62
406.36
405.57
405.72
408.06
407.91
406.14
404.33
402.63
403.46
403.82
404.83
403.75
403.31
403.05
402.32

408.05 i 402.70
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Date
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994

Annual Max. G.W. Elev.
SWS*3
(24. 16)
407.47
408.14
406.81
403.82
404.06
403.32
406.84
405.28
404.73
405.12
407.55
408.02
406.77
405.36
404.66
406.10
405.31
405.16
406.94
407.19
406.38
405.45
409.89
409.93
409.10
407.47
406.34
407.75
408.59
406.63
406.67
408.32
411.43
411.94
411.64
408.85
407.83
407.31
405.64
406.23
406.45
405.60
410.95
411 .81

CORPS 70
(25.12)
415.87
410.32
404.42
402.71
402.27
400.50
404.52
404.66
403.58
409.35
407.85
408.49
402.64
402.08
407.07
404.90
406.25
402.91
411.49
408.11
404.79
406.03
418.30
411.80
408.85
405.95
403.70
409.13
413.00
404.97
407.61
410.99
414.62
413.80
410.81
412.94
406.72
404.26
401.49
408.20
408.42
405.25
422.97
409.93

BLSTFRN
(28. 17)
402.08
402.62
402.39
400.53
400.38
400.00
402.17
401.43
400.83
400.41
402.41
402.66
402.59
401.76
400.61
401.28
401.16
401.04
401.37
402.25
401.60
401.33
402.46
403.68
403.86
402.82
402.33
402.67
403.09
402.20
402.06
402.36
404.28
405.35
405.28
403.53
402.58
402.74
401.88
401.80
401.80
401.34
402.68
404.68
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ORDER

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41 i
42
43 !
44
45
46
47
48
49
50
51 :
52
53
54 i

i Ordered Monthly Highs ;

i Month-Year SWS No. 3 : CORPS 70 I BLSTFRN
'• (24,16) ! ; (25,12) ; (28,17)

• May-19291 415.00 i Jul-19931 422.97 i May-1929! 410.57
Jun-1929 414.99 Aug-1993 420.34 \ Jun-1929 410.28
Jul-1929 414.61 Apr-1927 i 418.66 Jul-1929! 409.79 ;

Aug-1929 414.01 i Apr-1973
Jun-1927 413.98 Jun-1927

418.30 Aug-1929 409.42
418 . 18 May-1927 409.40

May-1927 413.92 ; Jun-1908| 418.00 Apr-19291 409.33
! Jul-1927) 413.90 Sep-1993
i Aug-1927 413.42
Sep-1929
Apr-1929

413.07
412.84

Sep-1927! 412.66
Ma£l909
Oct-1929
Jul-1909

412.31
412.23
412. 19

Jun-1909| 412.03
Jun-1912
Oct-1927
May-1984
Aug-1909
Apr-1927
Jun-1984
Apr-1994
Jul-1912

Jun-1985
Apr-1913
Jul-1908

May-1912
Nov-1927
Aug-1908
Apr-1909
Jul-1984

Jun-1983
May-1908
Sep-1909
Nov-1929

412.00
411.96
411 .94
411.90
411 .88
411 .85
411 .81
411 .78
411.64
411 .58
411 .57
411.56
411 .52
411 .51
411.49
411 .49
411.43
411 .41
411 .41
411 .36

Jun-1928 411 .35

May-1973
May-1927
May-1929
Jul-1951

I Apr-1929

May-1994 411 .34
May-1913 41 1 .33
Jun-1908| 411 .31
May-1983
Jul-1928

Mar-1913
May-1985
Apr-1984

411 .30
411 .25

May-1993
May-1983
Apr-1922
Jul-1915
Jul-1909
Jul-1908

Aug-1915
Jun-1929
Apr-1983
Jun-1947
May-1984
Jun-1993
Jun-1984
Jun-1916
Jun-1915
Apr-1993
Jun-1973
Jun-1943
Apr-1979
Apr-1912
Oct-1986
Apr-1984
May-1920
Jun-1945
Oct-1993
Jun-1917
May-1916
Jun-1974
Apr-1945

411 .20 Jun-1935
411 . 19 Mar-1973
411 . 13 May-1979

Apr-1928j 4 1 1 . 1 3 Jul-1984
Aug-1912i 41 1 . 13 May-1944

417.64 May-1909
417.40 Apr-1913
416.72 i Jun-1927
416.23
415.87
415.02
414.96
414.62
414.59
414.56
414.48
414.43
414.19
414.03
413.86
413.85
413.80
413.68
413.60
413.51
413.46
413.36
413.19
413.09
413.00
412.96
412.94
412.93
412.84
412.73

Sep-1929
Jun-1909
Mar-1913

412.33
412.26
412.25
411 .80
411 .80
411 .77
411 .75
411 .72
41 1 .68
411 .64

Apr-1909
Oct-1929
May-1913
Jul-1927
Jul-1909
Jan-1930
May-1908
Feb-1930
Nov-1929
Jun-1912
Aug-1927
May-1912
Mar-1930
Apr-1928
Dec-1929
Jun-1928
Apr-1927
Jun-1913
Jun-1908
May-1921
May-1928
Apr-1922
Aug-1909
Jul-1912

Apr- 1930
Apr-1912
Sep-1927
Mar-1929
Jul-1928

May-1910
May-1938
Mar-1928
Jun-1910
Oct-1927

May-1928; 411 .06 i Apr-1920 411 .53 i Apr-1921
Sep-1908

409.23
409.10
409.09
409.01
408.84
408.79
408.77
408.76
408.72
408.71
408.62
408.54
408.48
408.48
408.46
408.40
408.39
408.34
408.31
408.31
408.29
408.28
408.24
408.23
408.18
408.16
408.16
408.13
408.12
408.12
408.11
408.11
408.10
408.10
408.09
408.08
408.06
408.04
407.95
407.94
407.93

41 1 .04 Jul-1969! 41 1 .49 Apr-19391 407.91
May-1910! 411 .04 ; i Apr-1916i 41 1 .48 Nov-1927 407.90

-

Aug-1916 411 .02 Jul-1927 1 41 1 .3 1 Jun-1938 407.86
Jun-1916 411 .01 Jul-1947 411 .30 i Jul-1908
Apr-1985 410.97 May-1943| 4 1 1 . 15 May-1930

407.85
407.84

Aug-1984 410.97 Jun-1982 410.99 ' Jul-19131 407.83
Jun-1913 410.96 ' May-1912 410.98 ' May-1939' 407.83
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i ! Ordered Monthly Highs
ORDER Month- Year SWS No. 3

55 Oct-1993
56 Mar-1929
57
58

Jun-1910
May-1922

59 i Jul-1983
60
61
62
63

Dec-1927
Aug-1928
Apr-1912
Sep-1993

64 , Jul-1916
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86 .
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106

Apr-1922
Jun-1994
Jul-1985

Jan-1930
No v- 1993
May-1921
Oct-1909
Dec-1929
Mar-1928
Jun-1922
May-1938
May-1916
Juki 91 3

Jun-1938
May-1945
Sep-1928
Feb-1930
Jul-1910
Apr-1921
Jun-1907
Jan-1928
Aug-1993
May-1939
May-1907
Juki 922

Sep-1916
Jun-1921
Apr-1939
May-1906
Sep-1912
Feb-1928
Mar-1930
Mar-1927
Sep-1984
Jul-1907
Apr-1910
Oct-1908
Jul-1938

Mar-1985
Jun-1945
Dec-1993
Jun-1906

107 Aug-1983
108 Nov-1909
109 Jun-1939

410.95
410.93
410.93
410.91
410.91
410.91
410.91
410.88
410.88
410.88
410.87
410.86
410.85
410.84
410.82
410.80
410.78
410.77
410.76
410.72
410.70
410.67
410.62
410.61
410.61
410.57
410.57
410.56
410.55
410.52
410.48
410.47
410.45
410.45
410.43
410.40
410.39
410.37
410.37
410.36
410.34
410.33
410.33
410.32
410.32
410.32
410.31
410.31
410.31
410.30
410.29
410.28
410.27
410.26
410.24

Jun-1909
May-1945
May-1922
Mar-1985
Jun-1983
Jun-1944
Jul-1907
Oct-1926
Jul-1929

Apr-1952
Sep-1915
Apr-1985
Mar-1929
May-1994
Apr-1906
May-1951
Jul-1916

May-1919
Dec-1982
May-1974
May-1952
Jim-1920
Jun-1951
Apr-1913
Nov-1993
Jut- 1982
Jim-1919
May-1986
May-1960
Apr-1994
Nov-1986
Apr-1944
May-1909
Apr-1947
JuM920

May-1978
Jun-1912
Jul-1905
Jul-1943
Jul-1935

May-1975
Apr-1978
May-1982
May-1908
May-1969
Jul-1924

Jun-1907
Aug-1927
Apr-1982
Jul-1983
Jul-1917

Aug-1907
Apr-1960
Mar-1984
Apr-1962

CORPS 70
410.97
410.95
410.94
410.81
410.75
410.66
410.57
410.38
410.37
410.32
410.16
410.00
409.96
409.93
409.88
409.87
409.87
409.85
409.79
409.76
409.75
409.67
409.66
409.65
409.60
409.58
409.48
409.36
409.35
409.35
409.28
409.27
409.26
409.18
409.15
409.13
409.06
409.01
409.00
408.86
408.85
408.83
408.81
408.78
408.73
408.72
408.66
408.66
408.63
408.61
408.57
408.56
408.53

BLSTFRN
May-1 922 j 407.82

408.49

Aug-1928 1 407.79
Jun-1921
Sep-1909Mar-1909
May-1923
Aug-1912
Dec-1927
Feb-1928
Apr-1911
May-1907
Jul-1910

Jan-1928
Apr-1910
Apr-1908
Jun-1907
Jun-1923
Sep-1928
Apr-1938
Jun-1939
Jun-1930
Oct-1909
May-1911
Aug-1908
Apr-1906
Jul-1938

Nov-1909
May-1906
May-1905
Feb-1910
Aug-1913
Sep-1912Jun-1922
Mar-1906
Jul-1921
Oct-1928
Aug-1910
Jul-1907

Dec-1909
Jan-1910
Apr-1923
Jun-1906
See- 1908
Jun-1905
Apr-1907
Jul-1939

Mar-1908
Jun-1924
Jul-1923
Oct-1912
Mar-1938
Apr-1905
May-1916
Mar-1910

408.49 Nov-1928

407.78
407.77 j
407.77
407.76
407.74
407.73
407.68
407.67
407.66
407.65
407.64
407.63
407.63
407.60
407.59
407.58
407.56
407.56
407.54
407.54
407.47
407.46
407.45
407.44
407.43
407.43
407.41
407.40
407.39
407.38
407.38
407.35
407.30
407.28
407.27
407.26
407.26
407.25
407.25
407.21
407.17
407.15
407.14
407.14
407.12
407.12
407.11
407.11
407.10
407.09
407.08
407.08
407.07
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{Ordered Monthly Highs
ORDER ! Month-Year SWS No. 3 CORPS 70 BLSTFRN
110 Aug-1907i 410.21 Jun-1942 408.48 Jun-19161 407.07
1 1 1 Apr-1916| 410. 19 Oct-1973! 408.47 Sep-1913j 407.05
112 Apr-1930' 410.18 Aug-1951: 408.46 Jul-1922i 407.05
1 13 Jul-1994, 410.16 Apr-1939 i 408.45 Aug-1939j 407.05
114 Apr-1906| 410.12 Apr-19691 408.45 Jul-1930 407.04
115 Apr-1983| 410.10 May-1991! 408.42 Aug-1907i 407.01
116 , Aug-1985 410.09 May-1947j 408.39 May-1917 407.01
117 Mar-1909 410.06 Jun-19381 408.36 Aug-1938 407.00
118 | Apr-19451 410.05 Sep-1951; 408.34 May-1924 406.98
119 Apr-1908 410.05 Jul-19451 408.27 Mar-1927 406.98
120 j May-1923 410.03 Jun-1990 408.20 Jun-1911 406.97
121 Oct-1928 410.03 Aug-1908 408.16 Sep-1910 406.97
122 ! Aug-1913| 410.01 Jul-1973i 408.15 Mar-1905 406.97
123 i Mar-1916| 410.00 Apr-1951 408.13 Apr-1916 406.96
124 Jul-1945 409.99 Jun-1970 408.11 Mar-1939 406.95
125 May-1930 409.99 Jul-1928 408.06 Feb-1909 406.95
126 Mar-1906 409.99 Jun-1991 408.06 Oct-1908 406.94
127 Aug-1922 409.94 Jul-1944 408.06 Aug-1921 406.93
128 May-1974 409.93 May-1950 408.05 Dec-1928 406.93
129 Jun-1923 409.92 Jun-1928 408.02 May-1933 406.91
130 Jul-1921 409.92 Apr-1928 408.01 Mar-1923 406.90
131 Jul-1993 409.91 Jun-1922 407.99 Jul-1905 406.90
132 Aug-1910 409.90 Jun-1924 407.99 Nov-1912 406.88
133 Apr-1938 409.90 Jun-1906 407.96 Mar-1916 406.87
134 Jun-1973 409.89 Feb-1916 407.94 Aug-1923 406.87
135 Jul-1906 409.87 Jun-1986 407.93 Jan-1929 406.87
136 | Sep-1915 409.87 Mar-1974 407.89 Aug-1916 406.86
137 | Aug-1915 409.85 May-1961 407.85 Jul-1924 406.84
138 Sep-1907 409.84 May-1985 407.83 Jul-1906 406.83
139 Feb-1910 409.84 Nov-1985 407.83 Nov-1908 406.83
140 Jun-1974 409.83 Jul-1986 407.79 Apr-1917 406.82
141 Jan-1994 409.83 May-1917 407.77 Oct-1913 406.81
142 May-1905 409.82 Apr-1986 407.77 Jan-1905 406.81
143 Jan-1916 409.82 May-1906 407.74 JuM916 406.78
144 Jul-1973 409.81 May-19331 407.71 Mar-1922 406.76
145 Jun-1930 409.75 Jun-1979| 407.68 Aug-1922 406.75
146 I Aug-1938 409.75 May-19701 407.68 Jan-1913 406.75
147 Dec-19091 409.74 Mar-1993 407.64 Feb-1929 406.74
148 Jul-1939 409.72 i Mar-1983 407.64 Oct-1910 406.73
149 Nov-1908 409.71 Apr-1909 407.63 Sep-1907 406.72
150 Oct-1915 409.68 Jul-1981 407.61 Jan-1909 406.71
151 Oct-1984 409.68 Oct-1927 407.46 Mar-1907 406.70
152 Oct-1912 409.67 Sep-1926 407.46 Sep-1939 406.69
153 Oct-1916 409.67 May-19351 407.46 Sep-1916| 406.68
154 Jun-19241 409.65 Apr-1974' 407.44 Dec-19081 406.65
155 Aug-1945' 409.65 Mar-19271 407.42 Feb-1905i 406.64
156 Jun-1905i 409.62 Aug-19Q9i 407.42 Apr-19141 406.64
157 Feb-1916i 409.61 May-19131 407.40 Aug-193QJ 406.64
158 Jan-1910i 409.61 Jul-1974; 407.39 Sep-1938| 406.64
159 Apr-1911' 409.61 Oct-19151 407.36 Jun-1917! 406.63
160 Mar-1984! 409.58 Jun-1905i 407.35 Mar-19141 406.63
161 Nov-1928] 409.58 Jun-1950i 407.35 Nov-1913, 406.62
162 Jun-1920! 409.57 Apr-19751 407.34 Mar-1921! 406.62
163 Apr-1907j 409.56 Jun-1985 407.34 Dec-1912, 406.62
164 Aug-1939 409.56 Mar-1979! 407.33 Feb-1913l 406.62
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ORDER
165

|
Month-Year
Jim- 1993

166 i Mar-1938
167 j Aug-1906
168 ' Jul-1905
169 ! May-1933
170 i Aug-1994
171 • May-1920
172 Jul-1924
173
174
175
176
177

Jul-1923
Jul-1974

Aug-1921
Sep-1983
Oct-1907

178 i Mar-1910
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212

Jul-1920
Nov-1915
Dec-1928
Sep-1913
May-1924Aug-1924
Feb-1994Aug-1905
Sep-1922
Mar-1908
Ma£l973
May-1911
Aug-1973
Jan-1929
Aug-1920
Sep-1910
May-1917
Aug-1923
Sep-1985
Apr-1923
Jul-1930
Apr-1905
Nov-1984
Jul-1915

Sep-1938
Aug-1974
Jul-1917

May-1975
Jun-1975
Dec-1915
Mar-1994
Nov-1912
Nov-1916
Sep-1945

SWS No. 3
409.56
409.55

Ordered Monthly Highs
Jun-1975

M Mar-1916
CORPS 70

407.30 IM Sep-1921
407.26 I ; Feb-1914

409.54 ! i Jun-1969 407.22
409.53 Nov-1926| 407.22
409.51 Jun-1994
409.50

J_ 409.49
409.48
409.45
409.45
409.44
409.42
409.41
409.39
409.39
409.37
409.36
409.35
409.32
409.32
409.32
409.32
409.31
409.31
409.31
409.30
409.28
409.26
409.25
409.25
409.21
409.21
409.20
409.19
409.18
409.17
409.15
409.13
409.12
409.12
409.10
409.10
409.09
409.09
409.07
409.06
409.05
409.05

213 ; Sep-1905i 409.04

| j Jul-1942
r~ Aug-1924

May-1907
Jul-1990
Jul-1922

May-1938
Dec-1986
Jun-1960
Nov-1928
May-1990
May-1965
Mar-1982
Dec-1985
Dec-1993
Apr-1965
Apr-1948
May-1910
Aug-1905
Feb-1974
Oct-1941
Jul-1978

Mar-1986
Apr-1919
Mar-1948
Jun-1921
Apr-1907
Nov-1941
May-1921
Apr-1987
Jun-1913
Jan-1910
Sep-1905
Jul-1906
Jul-1938

Mar-1994
Jun-1952
Apr-1938
Mar-1906
Mar-1945
Jun-1937
Apr-1908
Jul-1919

Aug-1928
Apr-1917

214 i Sep-1906! 409.03 j Jun-1910
215 |
216
217
218
219 !

May-19441 409.02 LJ
Dec-1908
Feb-1909
Apr-1974
Jun-1933

409.01
409.01
409.01 :

Aug-1916
Jun-1967
May-1928
Jun-1962

409.00 I I May-1942

407.20
407.19
407.16
407.15
407.14
407.14
407.13
407.13
407.11
407.09
407.09
407.07
407.00
406.99
406.98
406.96
406.91
406.89
406.89
406.88
406.86
406.82
406.81
406.81
406.80
406.78
406.73
406.73
406.72
406.72
406.66
406.62
406.61
406.58
406.56
406.53
406.52
406.46
406.46
406.45
406.42
406.39
406.38
406.38
406.36
406.36
406.31
406.25
406.23
406.23
406.23

i Aug-1906
Aug-1905

i Feb-1916
i Mar-1912
j May-1920
Aug-1924
Jun-1933
Sep-1923
Oct-1907
Oct-1916
Jan-1916
Sep-1922
Jul-1911
Apr-1926
Nov-1910
May-1918
Jan-1907
Feb-1908
Dec-1913
Apr-1924
Nov-1916
May-1926
Nov-1907
Oct-1939
Mar-1911
Sep-1906
May-1935
Jun-1920
Jun-1935
JuM917

Sep-1905
Feb-1907
Oct-1938
Sep-1930
Jan-1914
Mar-1924
Jul-1933
Oct-1921
Feb-1939
Dec-1916
May-1914
Oct-1923
Sep-1924
Feb-1906
Dec-1907
Oct-1922
Apr-1918
Jan-1908
Jan-1917
Oct-1905
Dec-1910
May-1931
Mar-1917

BLSTFRN
406.62
406.61
406.61
406.60-
406.59
406.58
406.58
406.57
406.55
406.54
406.53
406.51
406.50
406.50
406.49
406.48
406.46
406.44
406.42
406.42
406.42
406.41
406.40
406.39
406.38
406.38
406.38
406.37
406.36
406.36
406.35
406.35
406.35
406.34
406.34
406.34
406.33
406.33
406.33
406.33
406.31
406.31
406.31
406.30
406.29
406.28
406.28
406.28
406.26
406.25
406.24
406.24
406.23
406.22

I

1
J-
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ORDER
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272 !

273
274

i Ordered Monthly Highs
'Month-Year SWS No. 3 ; CORPS 70 ' BLSTFRN

Jul-1935 408.99 , Jun-1918 406.14 i Nov-1938! 406.20
Jun-1935 408.97 ' Jun-1923 406.13 Nov-1921 406.20

i Jun-1917 408.97 : Aug-1984 406.12 Jun-1918 406.18
Feb-1929 408.97 Mar-1910i 406.08 ' i Apr-1925 406.18-
Sep-1924 408.96 Nov-1973; 406.08 i i Jan-1 939 j 406.17

: Mar-1939 408.95 Aug-1929
Aug-1917 408.94 Mar-1952

406.07 i 'Aug-1911 406.17
406.07 Nov-1939 406.16

Mar-1921 408.94 Jul-1912 406.06 i ! Apr-1920 406.16 •
Mar-19451 408.93 Jan-1 983 1 406.05 Dec-1922

! May-1946 408.92 ; ; Apr-1949! 406.04 Oct-1906
Mar-1905 408.92
Nov-1907! 408.92

; Jun-1943 408.92
Sep-1921 408.91
Oct-1905
Dec-1984
Jun-1944
Jun-1986
Apr-1975
Jan-1909
May-1935
Sep-1939

408.90
408.88
408.88
408.85

May-1972 406.03 i Apr-1940
Mar-1922 406.01 Jun-1926
Dec-1973! 405.99 i Jan-1906
Apr-1910
Jun-1978
Jan-1916

405.98 Nov-1922
405.98
405.97

Aug-1982 405.96
May-1976

408.84 Jul-1979
408.84 Apr-1943
408.84
408.83

Apr-1991
May-1905

Jul-1944 408.83 Jun-1933
Jul-1933

Mar-1922
408.82 Mar-1908

405.95
405.95

Jul-1935
Jan-1923
Feb-1911
Aug-1915
Nov-1923

405.93 Nov-1905
405.91
405.90
405.88
405.86

408.81 May-1962 405.86
Mar-1907 408.81 Apr-1950
Sep-1920
Oct-1913
Aug-1935
Mar-1923
Apr-1917
May-1993
Jul-1975

408.80
408.78
408.77
408.77
408.76
408.75
408.75

Mar-1912 408.74
Oct-1983 408.73
Jul-1943 408.73

Mar-1974; 408.72
Jun-1915
Jan-1905

408.72
408.69

May-1937
Jun-1965
Feb-1973
Apr-1933
May-1939
Jul-1975
Oct-1951
Jan-1974
Jul-1994

Aug-1981

405.84
405.83
405.82
405.81
405.78
405.75
405.75
405.73
405.73
405.71
405.71

Sep-1928 405.70
May-1924
Dec-1928

405.69

Dec-1921
Jun-1925
Nov-1906
Aug-1917

406.15
406.14
406.14
406.13
406.13
406.12
406.10
406.10
406.09
406.09
406.09
406.09
406.09
406.08
406.07
406.07

May-1925 406.07
Oct-1930| 406.07
Apr-1931
Dec-1938
Jun-1915
Feb-1917
Jul-1920
Oct-1924
Feb-1923
Jan-1911
Jul-1915

Dec-1923
Dec-1905
Jun-1931

406.06
406.05
406.04
406.04
406.04
406.03
406.02
406.01
406.01
406.00
406.00

-u
\-:

405.98
405.66 i Aug-19331 405.98

Oct-1910| 408.67 Mar-1946 405.65 i May-1940! 405.97
Sep-1923
Apr-1926

408.67 Jul-1950| 405.64 | Dec-1906 405.96
408.67 Sep-1924 1 405.63 Dec-1939 405.94

May-1986 408.66 i Apr-1 924 i 405.61 Apr-1933 405.93
Oct-1922: 408.65 Apr-1946 405.60 Mar-1925! 405.93
Sep-1994i 408.65 Oct-1985 405.60 Sep-19151 405.91
Jun-1946 408.63 Jul-1921 405.59 : Jun-1919
Jun-1911 408.62 Sep-1927' 405.59 i Dec-1924
Jul-1986 408.61 • Jul-1923

Jun-1919' 408.60 ! Jan-1993
May-1979 408.59 Aug-1969

405.91
405.90

405.59 Jun-1914| 405.89 i
405.56 ; Jan-19221 405.89 '
405.55 Aug-1920j 405.88 >

Jun-1947 408.59 i Apr-1976 405.54 i ; Nov-1930i 405.87
Jun-1979 408.58 i Nov-1951 405.54 ; Sep-1911 405.86
Aug-1930 408.58 ! Apr-19261 405.53 Nov-1924 405.86
Nov-1905 408.55 Aug-1973! 405.48 ; Mar-1926 405.86
Sep-1973 408.55 Mar-1949' 405.45 Jan-1924 405.84



I
ORDER (Month-Year SWS No. 3

275 1 Oct-1938| 408.55
276
277
278
279
280
281

May-1943
Feb-1986
Jul-1947

Mar-1986
Dec-1916
May-1918

282 Nov-1985
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317

Sep-1917
May-1926
Oct-1924
Feb-1985
Jan-1913
Oct-1985
Dec-1907
Aug-1944
Jul-1919
Oct-1906
Apr-1944
Apr-1986
Dec-1985
Aug-1943
Dec-1912
Apr-1979
Jut-1979
Jan-1907
Feb-1906
Sep-1974
Aug-1975
Feb-1905
Apr-1920
Oct-1921
Aug-1946
Nov-1983
Aug-1947
Jul-1982

Jan- 1906
Feb-1908
Nov-1913
Jan-1985
Apr-1918
Apr-1925

408.54
408.53
408.52
408.51
408.51
408.51
408.51
408.50
408.50
408.50
408.49
408.49
408.48
408.47
408.47
408.46
408.45
408.45
408.45
408.44
408.43
408.42
408.42
408.41
408.41
408.40
408.40
408.40
408.39
408.39
408.39
408.38
408.38
408.36
408.32
408.31
408.30
408.30
408.29
408.28
408.28

Jun-1925 408.27
318 Oct-1920
319 Sep-1935
320
321
322
323
324
325
326
327
328
329

Dec-1905
Oct-1945
Aug-1986
Apr-1924
Aug-1919
Aug-1933
Nov-1938
Oct-1923j
Jun-1926
Aug-1982

408.27
408.27
408.26
408.26
408.24
408.23
408.21
408.21
408.21
408.20
408.20
408.20

Ordered Monthly Highs : |
CORPS 70 j BLSTFRN

Jun- 19391 405.44
Nov-1972
Apr-1921
Apr-1905
Dec-1926
Mar-1909
JuM952

Aug-1920
Nov-1984
Feb-1928
Aug-1943
Dec-1992
Jan-1973
Mar-1939
Aug-1986
Apr-1923
Mar-1928
Mar-1937
Apr-1961
Sep-1907
May-1915
Nov-1927
Mar-1907
Jun-1925
Mar-1975
Nov-1961
Mar-1936
Apr-1936
Oct-1905
May-1930
Mar-1930
May-1948
Apr-1925
Apr-1915
Mar-1962
Apr-1942
Mar-1912
Sep-1986
May-1987
Apr-1937
Apr-1980
Jul-1967

Aug-1983
Apr-1992
Mar-1987
Jun-1930
Aug-1979
May-1923
Feb-1983
May-1966
Sep-1982
Mar-1905
Apr-1935
Jul-1913
Jun-1981

405.43
405.42
405.41
405.40
405.40
405.37
405.37
405.36
405.30
405.30
405.25
405.23
405.23
405.20
405.19
405.19
405.18
405.18
405.16
405.15
405.15
405.13
405.12
405.11
405.10
405.10
405.09
405.07
405.07
405.06
405.06
405.05
405.03
405.03
405.02
405.00
405.00
404.98
404.97
404.97
404.96
404.95
404.95

i Sep-1917! 405.83 !
Aug-1935
Dec-1915
May-1919
JUM925
Jul-1918

Feb-1925
Oct-1915
Jan-1940
Jun-1940
Jul-1926

Feb-1924
Jan-1925
Nov-1915
Mar-1940
Mar-1931
Feb-1922
Jun-1937
Mar-1920
JuM931

Sep-1920
Sep-1933
Feb-1940
Oct-1917
Dec-1930
Jut-1919
Apr-1934
May-1937
Apr-1935
May-1915
Oct-1911
Aug-1918
Apr-1936
Sep-1935
Oct-1920
Aug-1925
Jut-1914
Apr-1937
Nov-1917
Oct-1933
Aug-1926
Aug-1919
Mar-1934
Aug-1931

404.93 j Nov-1920
404.92
404.92
404.91
404.90
404.90
404.89
404.89
404.88
404.88
404.85

Jan-1931
Nov-1911
Jut-1937
Oct-1935
Mar-1933
Feb-1931
May-1936
Dec-1920
May-1984

405.82
405.81
405.80
405.79
405.78
405.78
405.77
405.77
405.75
405.75
405.75
405.74
405.73
405.73
405.73
405.73
405.72
405.72
405.71
405.71
405.68
405.65
405.65
405.65
405.64
405.62
405.62
405.61
405.59
405.58
405.58
405.57
405.57
405.57
405.55
405.52
405.51
405.48
405.46
405.45
405.45
405.45
405.43
405.42
405.41
405.41
405.40
405.40
405.39
405.37
405.37
405.36
405.35

Jul-1940| 405.34



ORDER Month-Year
330 Apr-1973
331 Jan-1908
332 May-1925
333 Feb-1907
334 May-1952
335 Apr-1952

Ordered Monthly Highs
SWS No. 3

408.18
CORPS 70

, Jul-1991
408.18
408.17
408.15

Jun-1926
Apr-1971
Jul-1925

404.83
404.80

AU£l9J4
May-1934

404.79
404.79

408.14 Jun-1932 404.79
408.14 Mar-1971 404.78

336 j Feb-1913| 408.14
337 Jun-1918 408.13 j
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367

Nov-1906
Apr-1946
May-1919
Nov-1922
Oct-1939
Jun-1937
Jan-1917
Mar-1924
Nov-1921
Jun-1952
Mar-1983
Nov-1924
Jan-1986
Apr-1914
Nov-1910
Feb-1914
Dec-1983
Jun-1962
Sep-1930
Feb-1974
Jul-1946

Feb-1939
Jun-1982^
Mar-1914
Jul-1911
Oct-1917
May-1947
May-1948
Dec-1922
Aug-1979

368 Dec-1924
369 Apr-1993
370 Jul-1925
371 Jan-1939
372 , Oct-1994
373 ^Sep-1944
374 Oct-1973
375 Mar-1975
376 i Sep-1943
377 Jun-1948
378 Sep-1947
379 Apr-1933
380 Apr-1987
381 May-1915
382 LMar-1987i
383 Dec-1938
384 Dec-1913

408.13
408.12
408.12
408.11
408.11 ^
408.11
408.10
408.10
408.09
408.09
408.07
408.06
408.04
408.04
408.03
408.03
408.02
408.02
408.02
408.01
408.01
408.00
407.99
407.97
407.96
407.95
407.93
407.93
407.93
407.92
407.92
407.91
407.91

Sep-1918
Mar-1 935j
Sep-1925
Dec-1917

May-1946i 404.72 Mar-1936
Jul-1948 404.71

Sep-1909
Jul-1960

Nov-1915
Aug-1906
Aug-1945
Jul-1958

Nov-1982
Sep-1908
Apr-1970
Oct-1928
Dec-1927
Jun-1946
Sep-1921
Feb-1986
Feb-1910
Apr-1932
Aug-1944
Mar-1915
May-1926
Jun-1957
Aug-1947
Jun-1949
Jul-1965
Jul-1914

Aug-1917
Mar-1925
May-1971
Sep-1965
May-1936
Jul-1985

Mar-1913
Apr-1953
Mar-1976

407.90 j
407.90
407.89
407.88
407.87
407.86
407.85
407.85
407.84
407.83
407.82

Dec-1983
Jan-1994
Jul-1962
Jul-1932
Jun-1914
Jul-1918

Apr-1966

404.71
404.70
404.68
404.67
404.67
404.66
404.66
404.66
404.65
404.64
404.60
404.59
404.58
404.56
404.56
404.55
404.55
404.54
404.54
404.52
404.52
404.51
404.51
404.51
404.49
404.49
404.48
404.47
404.45
404.43
404.43
404.42
404.42
404.41
404.41
404.41
404.40
404.40
404.40
404.38 I

Jan-1907! 404.38
Aug-1935' 404.37

~~l Nov-1983
Feb-1994

407.82 Mar-1935
407.82 Apr-1918

Jun-1985
Jan-1921
Sep-1919
Nov-1933
Feb-1918
Oct-1919
Jun-1936
Dec-1911
Nov-1935
Jan-1918
Sep-1926
Feb-1912
May-1932
Feb-1921
Dec-1935
Apr-1932
Mar-1918
Oct-1925
Oct-1918
Jun-1934
Nov-1919
Sep-1931
Aug-1937
Feb-1936
Jun-1984
Jan-1912
Sep-1914
Dec-1933
Jan-1936
Nov-1925
Aug-1940
Jun-1932
Jan-1927
Oct-1926
May-1985
Nov-1918
Oct-1914
Feb-1927

BLSTFRN
405.33
405.33
405.33
405.32
405.32
405.31
405.31
405.28
405.27 j
405.27
405.26
405.26
405.25
405.24
405.24

^ 405.23
405.23
405.23
405.22
405.21
405.20
405.19
405.19
405.18
405.17
405.17
405.17
405.15
405.14
405.14
405.12
405.12
405.11
405.11
405.11
405.11
405.10
405.08
405.08
405.08
405.06
405.05
405.04
405.03
405.03

Feb-19261 405.02
Dec-191 9 1 405.02
Jan-1934
Apr-1985

404.36 i
404.35
404.35
404.32

407.82 Aug-1912 404.31

—

Apr-1984
Jan-1920
Jul-1932

Aug-1932
Dec-1925
Apr-1919

405.02
405.01
405.00
405.00
404.99
404.98
404.98
404.97



ORDER
385
386

Month-Year
Sep-1986
Jul-1952

387 | May-1987
388 May-1937
389 Dec-1921

SWS No. 3
407.82
407.82
407.80
407.79

Ordered Monthly Highs
Oct-1969
Jul-1939

Sep-1938
Jan- 1985

407.78 Jun-1980
390 Mar-1 91 7 i 407.77
391 Nov-1923
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416 .
417
418
419
420
421
422
423
424
425
426
427
428 j
429
430
431
432
433
434
435
436
437
438

Mar-1925
Sep-1975
Sep-1919
May-1 978j
Apr-1947
Jul-1948

Dec-1906
Sep-1982
Ocl-1935
Jul-1918
JuM926
Jul-1937
Jul-1962

Mar-1946
Mar-1926
Jun-1978
Nov-1920
Jul-1978
Jun-1987
May-1914
Mar-1911
Feb-1984
Mar-1920
Oct-1974
Jan-1923
Apr-1962
Jan-1974
Jan-1914
May-1962
May-1931
Sep-1946
Apr-1948
Nov-1945
Nov-1973
Sep-1933
Oct-1986
Nov-1986
Aug-1925
Jan-1987
Nov-1939
Dec-1986
Feb-1917

407.77
407.76
407.75
407.75
407.75
407.74
407.74
407.74
407.73
407.73
407.73
407.72
407.71
407.69
407.69
407.69
407.68
407.68
407.68
407.67
407.67
407.66
407.66
407.66
407.65
407.63
407.63
407.62
407.62
407.62
407.61
407.61
407.61
407.60
407.60
407.60
407.59
407.59
407.58
407.58
407.56
407.56
407.56

Apr-19371 407.56
Dec-1923
Jun-1950
Aug-1918
Jun-1961

439 i May-1982

407.55
407.55
407.55
407.55
407.53

Dec-1909
Apr-1988
May-1981
Jul-1937
Jan-1928
Aug-1922
Jun-1961
Nov-1905
Mar-1920
Dec-1984
Apr-1967
Jun-1971
Feb-1984
Aug-1974
May-1953
Apr-1972
Aug-1938
Feb-1993
Sep-1929
Nov-1909
JuM957
Jan-1987
Aug-1950
Jul-1946

Aug-1978
Apr-1930
Feb-1930
Jut-1910

Jan-1986
Aug-1952
Mar-1942
Mar-1938
Jun-1987
Aug-1923
Jun-1941
Jan-1929
Sep-1920
Sep-1973
Oct-1965
Oct-1907
Oct-1970
Nov-1919
May-1932
Feb-1985
Sep-1979
Jun-1966
Mar-1978
Jul-1949

May-1992
Aug-1921

CORPS 70
404.30
404.30
404.29
404.29
404.29

Nov-1926
Dec-1918
Feb-1915
Feb-1934

! Jan-1926
404.26 i Jul-1936
404.26
404.24
404.24
404.24
404.23
404.23
404.23
404.22
404.22
404.22
404.21
404.21
404.21
404.19
404.19
404.18
404.18
404.14
404.14
404.13
404.13
404.12
404.11
404.11
404.10
404.08
404.08
404.07
404.06
404.04
404.04
404.04
404.03
404.02
404.02
404.01
404.01
403.99
403.96
403.95
403.95
403.92
403.92
403.91
403.91
403.90
403.89
403.89
403.89

j>

Oct-1931
Mar-1919
Feb-1920
Sep-1937
Jul-1985

Nov-1914
Jan-1915
Dec-1926
May-1945
Mar-1915
Mar-1932
Jul-1934

Dec-1914
Nov-1931
Apr-1915
Sep-1932
Sep-1940
Jan-1919
Jan-1932
Oct-1937
Dec-1931
Feb-1932
Feb-1919
Feb-1938
Apr-1994
Jul-1984
Oct-1932
May-1994
Mar-1985
Aug-1936
Apr-1945
Mar-1937
Dec-1937
Nov-1937
Aug-1934
Nov-1932
Aug-1985
Oct-1940
Jan-1938
Jun-1945
Sep-1936
Jun-1994
Jan-1933
Nov-1940
Dec-1932
Jan-1937
Feb-1937
Jan-1941
Dec-1940

BLSTFRN
404.96
404.96
404.95
404.93
404.93
404.92
404.90
404.90
404.90
404.89
404.88
404.88
404.87
404.87
404.83
404.83
404.82
404.82
404.80
404.80
404.78
404.78
404.77
404.74
404.74
404.74
404.74
404.71
404.70
404.68
404.68
404.67
404.66
404.66
404.65
404.64
404.64
404.60
404.58
404.57
404.55
404.55
404.54
404.51
404.49
404.44
404.44
404.41
404.39
404.38
404.38
404.38
404.38
404.33
404.33



i iORDER j Month-Year ! SWS No. 3 ,
Ordered Monthly Highs

1 CORPS 70
440 ! Dec-19731 407.53 1 i Aug-1990j 403.89
441
442
443
444
445
446
447
448
449

i Jan-1927
Jan-1984
May-1961
Dec-1910
Aug-1911
Oct-1930
Feb-1925
May-1950
May-1976

450 i Aug-1951
451 i Oct-1919
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494

Apr-1935
Jan-1925
Jul-1942

Nov-1994
Mar-1952
Feb-1987
Jul-1987

Mar-1948
Nov-1917
Feb-1923
Aug-1952
Apr-1940
Oct-1947
Jan-1922
Sep-1951
Apr-1931
Mar-1988
Sep-1979
Aug-1926
Dec-1920
Apr-1936
Aug-1937
Jul-1951
Jul-1961
Jun-1976
Jan-1924
Feb-1927
Jun-1914
Jun-1931
Jul-1950

Apr-1978
Oct-1943
Jun-1942
Oct-1982
Oct-1944
Jun-1970
Aug-1978
Apr-1970
Dec-1926
Aug-1942
Feb-1911
Sep-1925
Nov-1926

407.53
407.53
407.52
407.51
407.50
407.48
407.48
407.48
407.47
407.47
407.46
407.45
407.44
407.43
407.43
407.40
407.40
407.40
407.38
407.38
407.38
407.36
407.36
407.36
407.35
407.35
407.33
407.31
407.30
407.30
407.29
407.29
407.29
407.28
407.27
407.27
407.24
407.24
407.23
407.23
407.22
407.22
407.20
407.19
407.19
407.19
407.19
407.19
407.18
407.18
407.17
407.16
407.15
407.14

1

1

Mar-1944
Sep-1978
Apr-1941
Jun-1972
Jul-1933

Feb-1907
Sep-1916
Nov-1946
May-1918
Sep-1984
Nov-1977
Jun-1948
Aug-1942
Aug-1958
Aug-1985
Jan-1946
Mar-1951
Oct-1982
Jun-1953
Nov-1970
Jan-1932
May-1925
Feb-1906
Mar-1926
May-1949
Mar-1992
May-1959
Oct-1984
Feb-1987
Sep-1912
Mar-1969
Mar-1924
Sep-1970
Feb-1925
Sep-1969
Oct-1911
Feb-1952
Aug-1972
May-1967
Feb-1942
Oct-1972
Jan-1925
Aug-1994
Sep-1906
Nov-1992
Sep-1981
Aug-1932
Sep-1942
Mar-1943
Sep-1972
Oct-1929
Apr-1914
Jul-1926J

Dec-191 5 1

403.88
403.87
403.86
403.85
403.85
403.83
403.77
403.77
403.75
403.71
403.70
403.70
403.69
403.69
403.68
403.66
403.66
403.65
403.64
403.62
403.60
403.59
403.59
403.59
403.58
403.58
403.58
403.56
403.56
403.56
403.54
403.54
403.52
403.50
403.48
403.48
403.48
403.47
403.47
403.46
403.46
403.46
403.45
403.44
403.43
403.43
403.43
403.42
403.42
403.42
403.42
403.37
403.36
403.36

Feb-1933
! Sep-1934
Aug-1984
May-1983
Oct-1936
Jun-1983
Nov-1936
Sep-1985
Mar-1984
Dec-1936
Oct-1934
Feb-1941
Apr-1941
JuM994

Sep-1984
Jul-1945
Jul-1983

Nov-1934
Mar-1945
Oct-1984
Jan-1935
May-1975
Feb-1935
Dec-1934
May-1944
May-1941
Apr-1975
Nov-1984
Oct-1985
May-1946
Dec-1984
Nov-1985
Mar-1941
Aug-1994
Jun-1975
Aug-1945
May-1974
Aug-1983
Apr-1983
Jun-1974
Feb-1985
Jun-1946
Dec-1985
Apr-1944
Mar-1986
Feb-1986
Jun-1944
Jan-1985
Jun-1943
Jun-1941
Sep-1945
Apr-1986
Aug-1946
Jul-1975

May-1943

BLSTFRN
404.32
404.30 |
404.28
404.28
404.27
404.27
404.18
404.12
404.11
404.09
404.08
404.08
404.06
404.02
404.02
403.98
403.94
403.93
403.87
403.87
403.86
403.86
403.83
403.82
403.82
403.81
403.79
403.77
403.76
403.75
403.73
403.73
403.72
403.72
403.72
403.69
403.68
403.66
403.64
403.61
403.61
403.60
403.59
403.56
403.53
403.52
403.50
403.47
403.46
403.46
403.44
403.42
403.40
403.39
403.38

—



I 1 ' i
ORDER Month-Year SWS No. 3

495 j Nov-1935
496 May-1936
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526 .
527
528
529
530
531
532
533
534
535
536
537
538
539
540

Aug-1950
Aug-1962
Jun-1936
Oct-1951
May-1940
Aug-1948
Sep-1918
Dec-1982
Jun-1951
Nov-1974
Mar-1933
Mar-1935
Oct-1975
Oct-1933
Nov-1930
Feb-1924
Apr-1988
Jan-1911
Dec-1939
May-1932
Dec-1945
Aug-1932
Nov-1919
Feb-1922
Sep-1911
Feb-1975
Mar-1976
May-1970
Apr-1950
Aug-1987
Jul-1932
Jul-1914

Sep-1926
Oct-1946
Jun-1932
Oct-1926
Apr-1976
Jul-1969

Jan-1983
Jul-1931

Aug-1914
Dec-1994
Jun-1940
Apr-1932

541 Jan-1921
542 Nov-1951
543 Jan-1975
544 Dec-1917
545 Dec-1935
546
547

Jun-1957
Feb-1983

548 Jul-1976
549 Nov-1982

407.14
407.14
407.14
407.14
407.13
407.13

Ordered Monthly Highs
CORPS 70

Mar-1988
Apr-1959
May-1957

407.12
407.12
407.10
407.10
407.09
407.09
407.08
407.08
407.07

L 407.06
407.06
407.06
407.05
407.05
407.05
407.04
407.04
407.03
407.03
407.03
407.03
407.01
407.01
407.00
407.00
406.99
406.98
406.98
406.97
406.97
406.96
406.96
406.94
406.94
406.93
406.92
406.92
406.90
406.90
406.90
406.89
406.89

Jul-1970
Mar-1919
Aug-1919
Aug-1975
Oct-1909
Feb-196^
Jun-1976
Oct-1938
Jan-1927
Dec-1941
Feb-1975
Sep-1983
Jul-1953
Jul-1992
Jut-1930

Mar-1950
Dec-1951
Nov-1929
Oct-1923
Sep-1945
Oct-1983
Oct-1924
Jan-1906
Sep-1961
Sep-1975
Dec-1972
Mar-1932
Feb-1915
Oct-1977
Oct-1908
Jul-1987

Feb-1982
Sep-1944
Mar-1961
Feb-1929
Sep-1985
Oct-1945
Aug-1913
Aug-1992
Mar-1923
Oct-1921
Aug-1925
Jul-1968
Jul-1971

Mar-1921
406.86 Aug-1939
406.85 Apr-1911
406.84
406.84
406.83
406.83
406.82

403.35
403.35

Sep-1983
403.35
403.34
403.33
403.33
403.32
403.30
403.29
403.29
403.27
403.26
403.26
403.25
403.24
403.24
403.22
403.21
403.21
403.18
403.17
403.16
403.16
403.14
403.14
403.13
403.13
403.13
403.12
403.11
403.10
403.08
403.08
403.05
403.05
403.04
403.02
403.02
403.01
403.00
403.00
402.93
402.93
402.93
402.92
402.91
402.91
402.91

Sep-1994
May-1986
Apr-1946
Jun-1947

i Jun-1986
; Jan-1986

.,

402.90

Jul-1974
Mar-1975
Apr-1947
JuM944
Jul-1946

May-1947
Oct-1983
Nov-1983
Aug-1975
Apr-1974
Oct-1945
Mar-1946
Dec-1983
Jul-1943

Aug-1974
Apr-1979
Oct-1994
Sep-1946
May-1948
Jul-1986

May-1979
Feb-1984
Jul-1941
Apr-1948
Mar-1974
Mar-1994
Jun-1948
Nov-1994
Jul-1947

Nov-1945
Aug-1944
Jan-1984
Mar-1948
Sep-1975
Sep-1974
May-1976

,_ Jul-1948
Aug-1943
Feb-1994
Oct-1946
Aug-1986
Jun-1979

402.90 Mar-1988
Feb-1949| 402.87 Feb-1975
Feb-1946
Jun-1936

402.85
402.83

Nov-1994 402.82
May-1914 402.80

Dec-1945
Jan-1994
May-1950
Nov-1946

BLSTFRN
L 403.37

403.37
403.36
403.35
403.31
403.30
403.28
403.28
403.24
403.23
403.20
403.20
403.20
403.19
403.18
403.16
403.15
403.14
403.14
403.11
403.10
403.10
403.09
403.08
403.06
403.05
403.03
403.00
403.00
403.00
403.00
402.95
402.94
402.93
402.92
402.92
402.91
402.90
402.89
402.87
402.85
402.84
402.82
402.82
402.81
402.79
402.77
402.76
402.75
402.74
402.73
402.72
402.72
402.70
402.70
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ORDER

550
Month-Year
Apr-1934

551 ; Mar-1973

I

SWS No. 3
406.82
406.81

552 May-19531 406.81
553 ; May-19881 406.80
554 Oct-1925 406.79
555 Jul-1970
556 ! Mar-1931
557 i Feb-1946
558 May-1963
559
560

"Sep-1937
Nov-1946

561 I Nov-1947
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586

Sep-1952
Mar-1978
Oct-1979
Oct-1918
Aug-1969
Jun-1969
Mar-1936
Dec-1919
May-1942
JuM 949

Sep-1978
Jan-1940
Juki 981
Jul-1936
Jan-1946

LSep-1942
Dec-1951
May-1980
Oct-1911
Dec-1930
Feb-1921
Sep-1932
Sep-1914
Sep-1950
Mar-1940

587 ! Dec-1974
588 j Nov-1975
589 ! Mar-1934
590 ! Nov-1933
591 Nov-1925
592 Aug-1961
593
594

Apr-1982
Jan-1920

595 i May-1949
596 ! Aug-1970
597 i Nov-1944

Ordered Monthly Highs
Dec-1931
Aug-1970
Feb-1969

I Feb-1937

CORPS 70
402.80
402.78
402.77
402.77

Mar-1976
', Dec-1994
! Jun-1993
i May-1978

' Aug-1948i 402.76 \ \ Apr-1988
|_ 406.79 J i Sep-1922| 402.74 J Jim-1962

406.79
406.78
406.77
406.75
406.75
406.74
406.73
406.73
406.72
406.72
406.71
406.70
406.70
406.70
406.68
406.68
406.68
406.67
406.67
406.67
406.64
406.64
406.63
406.63
406.62
406.62
406.62
406.61
406.60
406.60
406.60
406.59
406.59
406.58
406.57
406.57
406.57
406.56
406.55
406.55
406.55
406.54

I | Feb-1932i 402.73 • ! Apr-1976
! Aug-1946—— ̂ ——

i
598 Apr-19531 406.54 i

Oct-1912
Jun-1954
Oct-1961
Mar-1991
Sep-1943
Jul-1961

Feb-1909
Jan-1952
Nov-1911
Nov-1938
Jan-1984
Nov-1907
Oct-1916
Nov-1908
Dec-1905
Sep-1917
Oct-1914
Nov-1974
May-1963
May-1941
Aug-1926
Sep-1914
Sep-1974
Sep-1935
Oct-1942
Aug-1910
May-1980
Jul-1972

Dec-1987
Oct-1978
Oct-1906
Oct-1981
Sep-1923
Aug-1987
Feb-1927
Feb-1943
Nov-1942
Oct-1920
Mar-1918
Jan-1905
Jan-1930

599 Jan-1918s 406.53 ! Oct-1919i
600 ' Nov-1943| 406.53 i j Sep-1947

402.72
402.71
402.71
402.71
402.69
402.69
402.68
402.68
402.68
402.68
402.68
402.67
402.67
402.66
402.66
402.66
402.66 j
402.65
402.64
402.64
402.62
402.62
402.60
402.60
402.58
402.58
402.58
402.57
402.56
402.56
402.55
402.53
402.53
402.52
402.50
402.50
402.50
402.50
402.48
402.47
402.46
402.44
402.43
402.42

601 _; Aug-1931 406.52 l_ jJDec-19941 402.42
602 Sep-1948
603 Jan-1936

406.51 i Sep-1992
406.51 I Dec-1923

604 Jun-1953i 406.50 ! Nov-1969
402.41
402.40

i Feb-1946
| Sep-1944

Jul-1942
Jun-1942
Apr-1952
Jul-1993

Aug-1941
Oct-1974
Jun-1976
Aug-1947
Dec-1993
Jun-1950
May-1963
Apr-1987
Apr-1962
Jan-1946
May-1987
Jan-1975
Oct-1975
Sep-1986
Nov-1993
Sep-1943
Dec-1946
May-1952
Jul-1979

Aug-1993
Apr-1950
May-1962
Apr-1978
Jun-1987
Mar-1987
Feb-1974
Nov-1974
Jun-1978
Mar-1983
Jun-1973
Aug-1948
May-1988
May-1993
Jul-1962

I Sep-1993
Jan-1947
Mar-1947
May-1942

i Aug-1942

402.40 I i
Oct-1993
Jun-1961

BLSTFRN
402.69
402.69
402.68
402.67
402.66

(-

402.66
402.66 i
402.65 ;
402.63 1
402.63
402.62
402.62
402.61
402.61
402.61
402.61
402.60
402.59
402.59
402.59
402.58
402.58
402.58
402.56
402.55
402.54
402.54
402.54
402.54
402.54
402.53
402.52
402.52
402.52
402.51
402.50
402.49
402.48
402.47
402.47
402.47
402.46
402.46
402.46
402.46
402.45
402.45
402.44
402.42
402.42
402.42
402.42
402.41
402.41

Oct-1986j 402.40

-
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ORDER
605
606

Month-Year
Oct-1914
Mar-1962

SWS No. 3
406.48

Ordered Monthly Highs
Sep-1977

CORPS 70
402.39

406.48 j Aug-19181 402.37
607 : Feb-1918 406.48 Nov-1924
608 Nov-1911 406.47 i Feb-1988
609 '• Sep-1962

i

402.37
402.36

406.47 i Mar-1953! 402.36

May-1973
May-1953
May-1961
Apr-1963
Oct-1944

BLSTFRN
402.39
402.39
402.38
402.38
402.37

610 Dec-19461 406.47 Sep-1980 402.36 Jun-1952 402.36
611 May-1991
612 Feb-1940
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636 .
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651

Aug-1981
May-1951
Feb-1936
Apr-1963
Mar-1980
Feb-1912
Jul-1940

Jun-1988
Jun-1963
May-1971
Jun-1949
Sep-1969
Apr-1943
JuM991

Sep-1987
May-1934
Mar-1977
Nov-1918
Jul-1957
Jun-1981
Jun-1980
Mar-1949
Apr-1980
Mar-1918
Dec-1911
Apr-1919
Mar-1963
Oct-1937
Dec-1925
Feb-1920
Feb-1926
Oct-1932
Jan-1947
Mar-1947
Dec-1947
Jan-1952
May-1990
Jun-1991
Mar-1979

652 Mar-1943
653 Apr-1949
654 Nov-1979
655 Oct-1978

406.45
406.44
406.44
406.42
406.41
406.41
406.41
406.41
406.40
406.40
406.40
406.38
406.37
406.36
406.36
406.36
406.34
406.34
406.34
406.33
406.33
406.33
406.32
406.32
406.31
406.30
406.30
406.30
406.29
406.28
406.27
406.27
406.27
406.27
406.26
406.26
406.24
406.24
406.23
406.23
406.22
406.22
406.21
406.21
406.21

i Nov-1912
Nov-1925
Jan-1943
May-1988
Mar-1959
Aug-1968
Jun-1968
Nov-1979
Sep-1950
Feb-1908
Sep-1994
Mar-1980
Apr-1955
Oct-1925
Jun-1959
Nov-1921
Nov-1981
Mar-1966
Nov-1916
Mar-1933
Nov-1906
Sep-1910
Aug-1953
Mar-1963
Aug-1937
Nov-1923
Mar-1990
Dec-1908
Feb-1905
Aug-1991
Mar-1911
Dec-1991
Aug-1962
Dec-1970
Dec-1929
Feb-1926
May-1911
Dec-1921
Sep-1919
Mar-1965
May-1968
May-1954
Sep-1987
Jun-1964

i Oct-1994
656 Dec-1975 406.21 Sep-1913
657 ! Jan-1931 406.20
658 i Aug-1976| 406.20
659 Jun-1990 406.20

Aug-1933
Dec-1961
Feb-1924

402.34 | Jul-1982
402.34
402.34
402.34
402.32
402.31
402.31
402.31
402.30
402.30
402.29
402.28
402.27
402.26
402.26
402.24
402.24
402.23
402.22
402.22
402.21
402.21
402.21
402.21
402.20
402.19
402.18
402.18
402.18
402.17
402.17
402.16
402.16
402.15
402.14
402.14
402.13
402.12
402.12
402.12
402.11
402.10
402.09
402.08
402.07
402.07
402.06
402.03
402.03

Jun-1963
Jun-1982
Jul-1987

Nov-1975
Jul-1973

Sep-1947
Oct-1943
Jul-1978

Mar-1977
Mar-1949
Dec-1974
Jul-1976

Apr-1953
Aug-1979
Apr-1943
JuM961

May-1982
May-1970
Sep-1941
Nov-1986
Apr-1977
Oct-1947
Jun-1970
Apr-1970
Aug-1973
Jul-1950

Aug-1982
May-1980
Dec-1975
Aug-1987
Mar-1943
Mar-1944
Jun-1988
Mar-1963
Feb-1947
Jun-1957
Aug-1962
Jan-1974
Sep-1942
Nov-1944
Jul-1952

Jun-1953
Nov-1943
Mar-1952
Sep-1948
Apr-1993
Apr-1949
May-1977

402.36
402.35
402.35
402.35
402.35
402.35
402.34
402.33
402.33
402.33
402.32
402.31
402.29
402.29
402.27
402.27
402.25
402.25
402.25
402.24
402.24
402.24
402.24
402.24
402.23
402.23
402.22
402.22
402.20
402.20
402.19
402.19
402.19
402.19
402.18
402.18
402.17
402.16
402.16
402.15
402.15
402.14
402.14
402.14
402.14
402.13
402.13
402.13
402.12
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ORDER Month-Year SWS No. 3
660 i Jun-1934
661 Apr-1951
662
663
664
665
666
667
668
669
670
671

Nov-1914
406.19
406.19
406.19

Ordered Monthly Highs
CORPS 70

Dec-19241 402.03
Nov-1978| 402.03

!

May-1949
Feb-1987

M Aug-1914| 402.02 ! T Mar-1978
Aug-1949 406.18 Dec-1907 402.01
Jan-1912
Feb-1952
JuM990

May-1981
Dec-1933
Mar-1950
Jun-1971
Oct-1942

672 Feb-1931
673 Aug-1936
674 Jan-1926
675 Mar-1932
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706

Apr-1915
May-1966
Aug-1940
Mar-1993
Dec-1918
Sep-1981
Sep-1931
Oct-1952
Feb-1915
Oct-1969
Jut-1980

May-1969
Mar-1951
Sep-1970
Mar-1982
Mar-1919
Dec-1944
Aug-1990
Dec-1943
Oct-1950
Jan-1915
Jul-1953

Dec-1914
Jul-1971

Mar-1953
Mar-1944
Aug-1991
Nov-1978
Mar-1915
Apr-1977
Jan-1934

707 Oct-1948
708
709
710
711
712

Jul-1988
Sep-1961
Oct-1962
Nov-1932
Apr-1991

713 ( Nov-1942
714 Jul-1963

406.17
406.17
406.17
406.17
406.16
406.16
406.16
406.15
406.14
406.14
406.13
406.13
406.12
406.10
406.09
406.08
406.08
406.06
406.06
406.06
406.04
406.04
406.03
406.02
406.01
406.01
406.00
406.00
406.00
405.99
405.99
405.99
405.99
405.99
405.98
405.97
405.97
405.96
405.95
405.92
405.92
405.91
405.91
405.91
405.91
405.90
405.88
405.87
405.86
405.86
405.84

Dec-1911 402.00
Jan-1988
Dec-1919

Jan-1987

BLSTFRN
402.12
402.11
402.11
402.11

Nov-1947 402.10
401.99 Dec-1986
401.99

Feb-19121 401.98
Dec-1975
Sep-1990
Apr-1990
Jan-1975
Sep-1952
May-1964
Nov-1920
Dec-1906
Dec-1971
Oct-1975
Apr-1963
Jul-1954

Sep-1962
Aug-1930
Oct-1979
Oct-1922
Jun-1911
Sep-1925
Mar-1947
Nov-1975
Jan-1950
Feb-1939
Apr-1981
Dec-1938
Feb-1938
Mar-1958
Dec-1977
Feb-1971
Mar-1972
Nov-1945
Nov-1922
Oct-1959
Sep-1941
Dec-1942
Apr-1940
Feb-1966
Sep-1918
Oct-1944
Jul-1966

Nov-1965
Jan-1912
Aug-1960
Jan-1922
Jun-1940
Nov-1935
Jun-1958
Jul-1941

401.98
401.97
401.96
401.95
401.92
401.91
401.91
401.90
401.89
401.89
401.88
401.87
401.85
401.85
401.83

L 401.83
401.83
401.82
401.82
401.81
401.80
401.79
401.79
401.78
401.78
401.77
401.76
401.75
401.75
401.74
401.72
401.72
401.72
401.72
401.71
401.71
401.70
401.70
401.69
401.69
401.69

Aug-1950
Sep-1973
Apr-1980
Apr-1951
Jun-1977
Mar-1980
Jul-1981
Apr-1973
Oct-1941
Mar-1950
Apr-1942
Mar-1951
Sep-1982Jun-1951
Aug-1978
Dec-1973
Sep-1979
Jun-1981
Dec-1947
Dec-1943
Jan-1976
Dec-1982
Jun-1980
JuM949
Oct-1973
Dec-1944
JuM963

Feb-1949
Feb-1945
Aug-1976
May-1951
Oct-1942
Nov-1973
Aug-1952
Mar-1962
May-1981
Mar-1979
Aug-1961
Sep-1987
Jan-1949
Mar-1953
Jun-1949
Apr-1982

401.68 ! Jul-1988
401.67
401.66
401.66
401.66
401.66

—
-

Dec-1942
May-1989
Mar-1942
Sep-1962
Jul-1957

402.10 i
402.09
402.09
402.09
402.08
402.07
402.07
402.06
402.06
402.05
402.04
402.03
402.02
402.02
402.02
402.01
402.01
402.00
402.00
402.00
401.99
401.99
401.98
401.98
401.98
401.98
401.98
401.97
401.97
401.96
401.96
401.95
401.94
401.94
401.93
401.93
401.93
401.93
401.92
401.91
401.91
401.91
401.91
401.90
401.89
401.88
401.88
401.87
401.87
401.87
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: ; | Ordered Monthly Highs ' :
ORDER

715
716
717
718
719
720
721

| Month-Year
May-1941
Ayg-1957
Apr-1942
Feb-1947
Jan-1976
Oct-1987
Dec-1979

722 Nov-1937
723 Jun-1966
724 i Feb-1932
725 Dec-1942
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769

May-1957
Mar-1937
Jun-1977
Apr-1941
May-1977
Jun-1941
Oct-1981
Jan-1948
Jul-1934

Feb-1934
Feb-1945
Sep-1936
Oct-1931
May-1989
Jan-1919
Jan-1932
Sep-1949
Jan-1949
Feb-1988
Feb-1949
Apr-1992
Sep-1940
Jan-1988
Dec-1937
Feb-1919
Feb-1938
Dec-1987
Oct-1970
Aug-1980
Nov-1950
Sep-1990
Nov-1952
Nov-1969
Sep-1976
May-1992
Jan-1945
Feb-1976
Dec-1978
Nov-1931
Aug-1953
Apr-1966
Dec-1931
Feb-1948

j_SWS No. 3
405.83
405.82
405.81
405.80
405.78
405.78
405.77
405.77
405.77
405.76
405.76
405.76
405.76
405.76
405.76
405.74
405.73
405.73
405.72
405.71
405.70
405.69
405.66
405.66
405.64
405.64
405.63
405.62
405.62
405.61
405.61
405.60
405.60
405.60
405.59
405.58
405.57
405.57
405.55
405.55
405.55
405.55
405.55
405.54
405.54
405.53
405.52
405.52
405.52
405.51
405.49
405.47
405.47
405.47

Apr- 1972 405.45

Sep-1932
Dec-1946
Mar-1917
Jan-1908
Oct-1913
Nov-1968
Oct-1910
Oct-1917
Feb-1950
Dec-1925
Dec-1974
Mar-1955
Aug-1967
Oct-1974
Jun-1955
Jan-1939
Jul-1976
Jim-1992
Dec-1912
Mar-1914
Jut- 1980
Jim-1963
Jan-1909
Jan-1924
Sep-1946
Ma£l955
Jun-1931
Oct-1946
Dec-1979
Dec-1920
Apr-1989
Oct-1943
Apr-1958
JUM911

May-1940
Nov-1913
Oct-1947
Jan-1942
Aug-1961
Jan-1969
Sep-1930
Aug-1949
Aug-1965
Dec-1913
Oct-1935
Jan-1920
Sep-1958
Feb-1922
Jan-1913
Sep-1933
Oct-1962
Dec-1967
Aug-1957
Feb-1992

CORPS 70 BLSTFRN
401.66
401.66
401.64
401.64
401.64
401.63
401.63
401.63
401.63
401.62
401.62
401.60
401.60
401.59
401.59
401.57
401.57
401.57
401.56
401.55
401.55
401.54
401.54
401.54
401.53
401.52
401.52
401.51
401.51
401.50
401.49
401.49
401.49
401.48
401.47
401.46
401.46
401.45
401.44
401.44
401.44
401.44
401.43
401.42
401.40
401.39
401.39
401.39
401.38
401.37
401.37
401.37
401.36
401.36

Jan-1926 401.34

.,

Oct-1948
Nov-1942
Feb-1976
Nov-1941
Jan-1983
Jul-1970
Oct-1982
Jan-1948
Feb-1944
Sep-1950
Jan-1945
JuM977
Jul-1951

May-1990
May-1991
Aug-1981
Oct-1979
Feb-1988
Nov-1982
Jan-1944
May-1964
Feb-1983
Apr-1964
Feb-1948
Jan-1988
Sep-1978
Jul-1953
Jul-1980

Jan-1943
Aug-1949
Dec-1987
Jim-1990
Mar-1982
Apr-1989
Sep-1952
Aug-1970
Nov-1948
Oct-1987
Dec-1941
Sep-1976
Jun-1989
Nov-1979
Oct-1962
Feb-1951
Feb-1943
Aug-1963
Feb-1942
Sep-1961
May-1971
Apr-1991
Mar-1989
Aug-1951
Aug-1988

I Oct-1950
Nov-1987

401.86
401.86
401.86
401.85
401.85
401.85
401.84
401.83
401.83
401.82
401.81
401.80
401.80
401.80
401.80
401.80
401.79
401.78
401.77
401.77
401.76
401.76
401.76
401.76
401.76
401.74
401.74
401.72
401.72
401.70
401.70
401.70
401.69
401.69
401.68
401.68
401.67
401.67
401.64
401.64
401.64
401.64
401.63
401.62
401.62
401.61
401.61
401.60
401.60
401.59
401.58
401.58
401.57
401.56
401.55

E-18



11
ORDER Month-Year

770 JuH941
771 ! Mar-1942
772
773
774
775
776
777

Nov-1987
Feb-1951
Nov-1948
Sep-1991
Dec-1932
Oct-1961

778 Apr-1969

{Ordered Monthly Mighs
SWS No. 3

405.45
405.44
405.43
405.43
405.42
405.41
405.40
405.39
405.39

779 Jul-1977 405.39
780 ! Jan-1944
781 Nov-1981
782
783
784
785
786
787
788
789
790
791
792
793
794
795 _j
796
797
798
799
800
801
802
803
804 _^
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821

Feb-1944
Aug-1971
Apr-1964
Apr-1971
Jan-1943
May-1964
Jan-1933
Aug-1934
Jan-1982
Nov-1962
Jul-1966
Jan-1980
Jun-1967
Aug-1988
May-1958
Jan-1938
Feb-1962
Jun-1989
Jan-1979
Jan-1937
Oct-1936
Aug-1963
Mar-1991
Apr-1989
Oct-1949
Jul-1967

May-1972
Jan-1962
Jun-1992
Mar-1992
Feb-1937
Oct-1940
May-1967
Apr-1961
Feb-1933
Oct-1990

1

Dec-1935
Oct-1980

! Nov-1914

405.38
405.38
405.38
405.37
405.36
405.35
405.35
405.35
405.34
405.33
405.33
405.31
405.31
405.31
405.31
405.29
405.28
405.28
405.28
405.27
405.26
405.26
405.25
405.25
405.24
405.24
405.24
405.24
405.24
405.22
405.22
405.22
405.21
405.20
405.19
405.19
405.19
405.18

Dec-19691 405.18
Sep-1957
Mar-1971
Nov-1970

822 May-1968
823 ; Mar-1989
824 Feb-1943

405.18
405.17
405.17
405.16
405.16
405.16

Sep-1939
Dec-1965
Feb-1913
Dec-1916
Apr-1957
Apr-1964
Aug-1980

LAug-1911
Feb-1921
Jan-1933
Nov-1917
May-1931
Dec-1981
Feb-1920
Dec-1922
Oct-1950
Feb-1911
Sep-1911
Apr-1968
Nov-1931
Jul-1936

Nov-1967
Jan-1921
Oct-1954
Nov-1947
Apr-1931
Jan-1992
Jul-1931

Aug-1971
Jan-1962
Oct-1992
Nov-1943
Feb-1991
Feb-1976
Jan-1937
Jul-1959

Dec-1978
Apr-1934
Mar-1970
Oct-1930
Dec-1934
Sep-1948
Dec-1969
Nov-1944
Oct-1968
Feb-1918
May-1958
Jan-1960
Feb-1914
Feb-1919
Dec-1945
Jan-1949

CORPS 70
401.33
401.33
401.32
401.32
401.31
401.30
401.30
401.29
401.27
401.27
401.25
401.25
401.24
401.24
401.23
401.23
401.23
401.23
401.22
401.22
401.21
401.19
401.18
401.17
401.14
401.13
401.12
401.12
401.11
401.11
401.10
401.10
401.08
401.07
401.05
401.05
401.05
401.05
401.04
401.04
401.04
401.04
401.03
401.02
401.01
401.00
401.00
401.00
400.99
400.98
400.97
400.96
400.96
400.96
400.96

Aug-1977
Jun-1964
Oct-1978
Jan-1942
May-1957
Aug-1957
Dec-1979
Dec-1948
Jun-1991
Sep-1981
Jun-1971
Nov-1978
Oct-1952
Aug-1980
Sep-1949
Jul-1990

May-1958
Sep-1970
Nov-1950
Oct-1976
Nov-1962
Jul-1989

Feb-1950
Sep-1951
Mar-1973
Aug-1953
Jul-1969
Jun-1969
Apr-1958
Apr-1992
Feb-1952
Jut-1991

Dec-1978
Jan-1980
Oct-1961
Apr-1972
Jul-1971

Nov-1952
Oct-1949
Jun-1958
Apr-1981
Jan-1979
May-1966
Feb-1980
Oct-1951
Oct-1981
Dec-1951
Jan-1950
Nov-1951
Jut-1964

Sep-1963
Dec-1962
Jan-1982
Sep-1988
Feb-1962

I
L BLSTFRN i

401.55
401.54
401.53
401.53
401.52
401.52
401.51
401.50
401.49
401.48
401.47
401.45
401.45
401.44
401.44
401.44
401.43
401.43
401.42
401.42
401.40
401.39
401.39
401.39
401.38
401.37
401.37
401.37
401.36
401.34
401.34
401.34
401.33
401.33
401.33
401.33
401.32
401.32
401.30
401.30
401.30
401.28
401.28
401.28
401.28
401.28
401.27
401.27
401.26
401.26
401.26
401.25
401.24
401.24
401.24
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i j Ordered Monthly Highs <
ORDER i Month-Year SWS No. 3

825 L Apr-1958
826 Jul-1958
827 Jun-1960
828 Feb-1980
829 Jun-1958
830 Jun-1964
831 Aug-1941
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864

Feb-1982
l Juki 960
Nov-1961
Dec-1952
Dec-1981
Jun-1972
Apr-1981
Feb-1979
Sep-1960
Oct-1976
Jul-1992

Aug-1977
Nov-1936
Feb-1950
Dec-1950
Oct-1991
Dec-1948
Sep-1953
Nov-1940
Jul-1989

Dec-1961
Sep-1934
Dec-1962
Aug-1967
Dec-1970
Feb-1942
Aug-1966
Jul-1972
Jul-1964

Aug-1958
Jan-1950
Jan-1941
Dec-1940

865 _L Sep-1971
866
867

Dec- 1990
Aug-1960|

868 Dec-1936
£69
870
871
872
873
874
875
876
877
878

Feb-1971
Nov-1990
Feb-1993
Jan-1953
Mar-1958
Jan-1951
Mar-1961
May-1959
Jan-1942
Aug-1992

879 Mar-1970

405.14 Oct-1933
405.13
405.12
405.12
405.10
405.10
405.10
405.08
405.08
405.08
405.07
405.06
405.05
405.04
405.03
405.02
405.02
405.02
405.02
405.01
405.01
405.00
405.00
404.99
404.97
404.95
404.95
404.93
404.91
404.91
404.91
404.91
404.90
404.89
404.89
404.86
404.85
404.84
404.84
404.84
404.82
404.81
404.80
404.80
404.79
404.79
404.79
404.77
404.76
404.76
404.76
404.73
404.71
404.70
404.70

I

Oct-1990
Sep-1991
Nov-1971
Jan-1971
Jan-1923
Nov-1918
Oct-1987
Dec-1918
Jan-1947
Feb-1935
Feb-1923
Feb-1951
Jan-1966
Juki 940

Feb-1933
Jan-1917
Aug-1940
Feb-1968
Jun-1988
Jan-1976
Sep-1960
Jan-1980
Nov-1910
Dec-1968
Sep-1937
Jan-1935
Oct-1952
Dec-1947
Oct-1949
Sep-1949
Jan-1919
May-1977
Dec-1990
May-1989
Dec-1944
Jan-1991
Oct-1918
Sep-1989
Nov-1930
Mar-1931
Jan-1982
Oct-1932
Apr-1977
Nov-1987
Jun-1989
Feb-1960
Sep-1953
Mar-1934
Sep-1968
Aug-1976
Jan-1918
Feb-1945
Jan-1978
Jul-1955

CORPS 70
400.95
400.94
400.93
400.92
400.91
400.91
400.91
400.90

l_ 400.89
400.89
400.87
400.86
400.85
400.85
400.85
400.84
400.83
400.81
400.80
400.79
400.77
400.76
400.76
400.76
400.76
400.75
400.74
400.74
400.73
400.71
400.71
400.71
400.68
400.68
400.68
400.67
400.66
400.66
400.66
400.65
400.65
400.64
400.64
400.64

'

400.63
400.63
400.63
400.61
400.60
400.60
400.60
400.60
400.59
400.59
400.58

Feb-1979
Jan-1952
Mar-1991
Jul-1958

Dec-1950
May-1992
Sep-1977
Feb-1982
Dec-1952
Oct-1970
Aug-1990
Jan-1951
Nov-1976
May-1967
May-1972
Sep-1980
Mar-1993
Sep-1957
May-1969
Jan-1962
Jun-1967
Apr-1961
Jan-1953
Nov-1961

LNov-1981
Mar-1992
Aug-1969
Apr-1971
Mar-1958
Jun-1966
Mar-1964
Feb-1953
Aug-1989
Nov-1949
Mar-1971
Aug-1991
Jan-1963
Sep-1953
May-1968
Dec-1949
Dec-1981
Aug-1971
Dec-1961
Nov-1970
Dec-1976
Oct-1988
Jun-1992
Oct-1963
Aug-1958
Oct-1977
Feb-1977
Apr-1969
Sep-1969

^Aug-1964
Oct-1980

BLSTFRN
401.24
401.23
401.23
401.23
401.22
401.22
401.21
401.20
401.20
401.20
401.18
401.18
401.18
401.16
401.16
401.15
401.15
401.15
401.15
401.15
401.14
401.13
401.13
401.13
401.13
401.12
401.12
401.12
401.11
401.11
401.10
401.10
401.08
401.07
401.07
401.06
401.05
401.05
401.04
401.02
401.01
401.00
400.99
400.98
400.97
400.96
400.96
400.96
400.96
400.96
400.95
400.94
400.93
400.93
400.93



! Ordered Monthly Highs ' |
ORDER

880
881
882
883

Month-Year SWS No. 3 CORPS 70 ! • BLSTFRN
Dec-1941 404.69 May-1934
Jim-1968
Nov-1949
May-1960

884 Jul-1965
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921

[Sep-1988
Feb-1941
Sep-1941
Oct-1980
Jun-1965
Jan-1970
Nov-1941
Sep-1963
Oct-1957
Jan-1971
Feb-1953
Nov-1991
Mar-1941
Aug-1972
Oct-1941
Oct-1934
Oct-1953
Sep-1958
Sep-1977
Aug-1965
Jan-1991
Nov-1976
Dec-1949
Sep-1967
Jul-1968

Mar-1981
Apr-1967
Aug-1989
Jan-1963
Mar-1972
Jan-1993
Apr-1957
Aug-1964
Feb-1935
Jun-1959
May-1965
Jan-1935

922 Mar-1969
923
924
925
926
927
928 |
929
930
931
932 ^
933

Sep-1992
Mar-1964
Nov-1934
Sep-1960
Sep-1966
Sep-1972
Oct-1971
Nov-1980
Oct-1977

404.68
404.67
404.66
404.66
404.65

]_ 404.64
404.64
404.64
404.63
404.63
404.63
404.62
404.62
404.60
404.59
404.58
404.58
404.57
404.56
404.53
404.52
404.52
404.51
404.51
404.49
404.48
404.48
404.47
404.46
404.46
404.45
404.44
404.43
404.42
404.39
404.38
404.37
404.36
404.36
404.36
404.36
404.35

Mar-1940
Jan-1914
Aug-1966
Nov-1950
Oct-1939
Mar-1977
Feb-1936

400.58
400.58
400.57
400.56
400.56
400.56
400.56
400.55

Jan-1977 400.92
Jul-1967

Mar-1981
Nov-1988

i~ Sep-1990
Jun-1972
Oct-1957

Dec-1932 400.55
Feb-1917
Oct-1931
Dec-1943
Jan-1936
Jul-1977
Oct-1936
Nov-1962
Nov-1936
Jul-1963

May-1956
Oct-1991
Feb-1947

400.53
400.53
400.53
400.52
400.51
400.51
400.51
400.50
400.50
400.50
400.50
400.49

LJun-19771 400.49
Jan-1972
Nov-1990
Feb-1980
Nov-1980
Nov-1959
JuM964

LDec-1917
Sep-1967
Mar-1941
Feb-1979
Feb-1941
Sep-1957
Sep-1940
Sep-1971
Nov-1952
Jun-1934
Nov-1932
Apr-1954
Jan-1948
Dec-1930

400.47
400.47
400.46
400.45
400.45
400.45
400.43
400.43
400.42
400.41
400.38
400.38
400.37
400.37
400.37
400.36
400.34
400.34
400.33
400.33

Mar-19601 400.33

Apr-1966
Oct-1969
86^1991

L May-1959

404.32 i Mar-19891 400.33
404.31
404.31
404.30
404.30
404.27
404.27
404.26
404.25

Apr-19901 404.24
Feb-1970 404.24

934 i Dec-1991 404.23

Sep-1936
Jan-1941
Jan-1979
Dec-1914
Nov-1939
Aug-1954
Nov-1991
Oct-1948
Nov-1933
Aug-1977
Feb-1931

400.32
400.32
400.31
400.30
400.28
400.28
400.27
400.27
400.26

Apr-1967
Dec-1970
Feb-1963
Feb-1971
Oct-1953
Nov-1977
Dec-1990
Mar-1961
Juki 966

Dec-1988
Jun-1968
Jul-1992
Jan-1989
Apr-1990
Oct-1990
Nov-1963
Sep-1971
Jan-1991
Sep-1989
Mar-1970
Oct-1991
Nov-1969
Mar-1972
Nov-1980
Dec-1977
Nov-1957
Feb-1989
Nov-1990
Jan-1971
Sep-1958
L/0C~T9o9
Apr-1957
Feb-1991
Jul-1972

Nov-1991
Aug-1967
Apr-1965
Jan-1978
Nov-1953
Aug-1966
Sep-1964

I Jul-1968
400.26 Aug-1992

400.92
400.91 !
400.90
400.90
400.89
400.87
400.87
400.87
400.83
400.83
400.83
400.83
400.83
400.82
400.82
400.82
400.82
400.82
400.81
400.80
400.80
400.79
400.77
400.77
400.77
400.76
400.76
400.75
400.75
400.74
400.73
400.73
400.73
400.72
400.69
400.68
400.68
400.68
400.67
400.67
400.67
400.66
400.65
400.65
400.65
400.62
400.61
400.61
400.61
400.60
400.60
400.59
400.58

400.25 Feb-1978 400.58
E-21



ORDER |Month-Year SWS No. 3 j
Ordered Monthly Highs

CORPS 70 BLSTFRN
935 Nov-1977, 404.22 Sep-1931
936 Feb-1991
937 , Aug-1968
938
939
940
941
942
943
944
945

Feb-1973
Dec-1977
Apr-1965
Nov-1957
Dec-1972
Dec-1934
Jan-1973
Jan-1978

946 Sep-1965
947 Oct-1988
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966 .
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989

Oct-1958
Feb-1978
Oct-1963
May-1955
Dec-1976
Nov-1972
Oct-1967
Apr-1955
Nov-1953
Feb-1992
Jul-1959

Dec-1971
Mar-1968
Jan-1992
Apr-1968
Oct-1972
Dec-1992
Nov-1988
Feb-1977
Jan-1977
Oct-1992
Feb-1963
Jun-1955
Nov-1992
Apr-1959
Sep-1989
Mar-1959
Dec-1957
Jul-1955
Oct-1960
Dec-1980
Nov-1958
Mar-1966
Nov-1971
Apr-1960
May-1954
Sep-1968
Mar-1967
Sep-1964
Oct-1965
Dec-1967
Oct-1966

404.22
404.20
404.19
404.19
404.18
404.18
404.17
404.17
404.15
404.14
404.12
404.11
404.10
404.09
404.09
404.06
404.06
404.05
404.04
404.02
404.02
404.01
404.01
404.00
403.99
403.99
403.99
403.99
403.98
403.96
403.95
403.95
403.94
403.94
403.93
403.92
403.90
403.88
403.88
403.87
403.87
403.86
403.86
403.84
403.84
403.83
403.83
403.82
403.82
403.82
403.81
403.81
403.78
403.78

Dec-1910
Mar-1968
Oct-1967
Jan-1915
Oct-1958
Juki 934

Jan-1970
Jan-1945
Aug-1931
Feb-1948
Oct-1971
Feb-1953
Nov-1948
Oct-1937
Aug-1959
Feb-1944
Jan-1968
Nov-1934
Dec-1939
Aug-1941
Jan-1911
Oct-1960
Dec-1980
JuM988

Feb-1970
Mar-1981
Aug-1936
Dec-1952
Aug-1963
Sep-1976
Dec-1933
Nov-1949
Jan-1944
Nov-1960
Apr-1956
Feb-1978
Sep-1954
Dec-1949
Oct-1957
Feb-1959
Sep-1966
Feb-1972
Nov-1954
Feb-1934
Dec-1940
Jan-1931
Nov-1937
Oct-1934
Mar-1967
Jul-1989
Oct-1953
Nov-1958
Jan-1951
Jan-1940

400.24
400.20
400.20
400.20
400.18
400.16
400.15
400.14
400.13
400.13
400.13
400.13
400.12
400.12
400.12
400.12
400.11
400.11
400.10
400.09
400.07
400.06
400.05
400.04
400.04
400.03
400.03
400.02
400.02
399.98
399.98
399.97
399.96
399.96
399.95
399.94
399.92
399.92
399.91
399.89
399.89
399.89
399.88
399.88
399.87
399.86
399.86
399.84
399.81
399.81
399.79
399.79
399.77
399.77
399.76

Dec-1957
Dec-1991

*

Mar-1959
Jun-1959
Oct-1971
May-1954
Dec-1980
Jan-1970
Apr-1959
Dec-1963
Jan-1958
Dec-1971
May-1965
Feb-1993
Mar-1990
Apr-1954
Mar-1967
Feb-1992
Jan-1992
Oct-1989
Oct-1958
Aug-1972
Mar-1969
Jun-1960
May-1960
Feb-1970
Apr-1968
Dec-1953
Apr-1955
Feb-1964
Mar-1968
Feb-1981
Sep-1967Jun-1954
Jan-1964
Aug-1968
Jun-1965
Nov-1971
Sep-1966
May-1955
Sep-1992
Jan-1981
Jan-1972
Nov-1958
Feb-1958
Jan-1993
Oct-1964
Jan-1954
Jul-1959

Sep-1972
Jun-1955
Jul-1960

Feb-1972
Oct-1967
Feb-1959

400.56
400.55
400.55
400.54
400.53
400.53
400.52
400.51
400.51
400.50
400.49
400.48
400.48
400.47
400.46
400.46
400.45
400.45
400.44
400.44
400.42
400.42
400.42
400.41
400.41
400.40
400.40
400.39
400.38
400.38
400.38
400.38
400.38
400.38
400.37
400.37
400.36
400.36
400.35
400.35
400.35
400.34
400.34
400.33
400.31
400.31
400.29
400.28
400.23
400.22
400.21
400.21
400.21
400.21
400.20



1 1
ORDER ! Month-Year j SWS No. 3

Ordered Monthly Highs
i

990 i Jun-1954i 403.75 I i Jan-1953 ^-.,^ ,
CORPS 70

ii
399.74 i Dec-1967

!
BLSTFRN

400.19
991 '• Dec-1988| 403.75 i Oct-1976i 399.74 ! ! Mar-1965! 400.19
QQO&&£.
993
994
995
996
997
998
999

1000
1001

i Feb-1966! 403.75 i
| Aug-1959
! Jan-1972
Nov-1963

j Jan-1958
j Jan-1989
Sep-1954
Jan-1968

: Nov-1967

403.71
403.71
403.71
403.69
403.68
403.66
403.65
403.65

! Apr-1954 403.61
1002 | Mar-1990
1003 ! Nov-1965
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020 _,
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035 I
1036 :

Feb-1981
Dec-1965
Jul-1954

Feb-1989
Dec-1953
Jan-1981
Feb-1969
Mar-1955
Feb-1972
Feb-1968
Nov-1960
Aug-1955
Jan-1969
Mar-1960
Oct-1989
Oct-1968
Nov-1966
Aug-1954
Dec-1958
Feb-1958
Nov-1968
May-1956
Oct-1954
Oct-1964
Jan-1954
Feb-1959
Jan-1966
Sep-1959
Mar-1965
Dec-1963
Dec-1968
Jan-1959
Dec-1960

1037 ! Jul-1956
1038 ! Dec-1966
1039
1040
1041
1042 j

Jun-1956
Jan-1967
Feb-1964
Nov-1964|

1043 i Jan-1964
1044 i Nov-1989

403.61
403.59
403.56
403.55
403.54
403.54
403.53
403.52
403.51
403.49
403.48
403.47
403.44
403.44
403.43
403.43
403.42
403.39
403.38
403.36
403.34
403.33
403.33
403.32
403.29
403.29
403.28
403.27
403.27
403.24
403.24
403.24
403.20
403.17
403.17
403.16
403.10
403.10
403.10
403.05
403.03
403.02
403.01

i Dec-19501 399.74 1 Nov-19891 400.18
Jan-1934
Dec-1936
Dec-1959
Nov-1957
Sep-1959
Aug-1988
Dec-1962
Jan-1938
Feb-1940

! Jun-1956

— j
— r

Jul-1956
Oct-1940
Dec-1937
Dec-1957
Feb-1955
Aug-1955
Nov-1940
Oct-1966
Nov-1976
Dec-1948
Sep-1963
Feb-1981
Sep-1934
Sep-1964
Aug-1934
Aug-1964
Nov-1988
Jan-1955
Dec-1960
Jan-1981
Aug-1989
Sep-1988
Nov-1966
Oct-1989
Nov-1953
Dec-1966
Dec-1954
Jan-1958
Jan-1989
Oct-1988
Dec-1988
Aug-1956
Feb-1965
Feb-1967
Feb-1989
Oct-1955

399.72
399.71
399.69
399.67
399.67
399.65
399.65
399.65
399.63
399.62
399.60
399.59
399.58
399.56
399.55
399.54
399.54
399.53
399.53
399.52
399.48
399.47
399.47
399.47
399.45
399.44
399.43
399.43
399.42
399.42
399.42
399.40
399.39
399.38
399.34
399.32
399.29
399.27
399.26
399.26
399.24
399.23
399.22
399.20
399.18
399.18

Dec-1976 399.13
Feb-1977l 399.07
Dec-19531 399.07
Oct-1964
Jan-1965
Nov-1964i

399.06
399.06

Jul-1965
i Jan-1968

—

L-,
———— I

Apr-1960
Dec-1992
Oct-1966
Nov-1964
Nov-1992
Mar-1954
Oct-1992
Feb-1954
Dec-1958
Sep-1968
Jul-1955

Mar-1955
Jul-1954

Feb-1968
Jan-1959
Nov-1967
Dec-1972
Jan-1973
Aug-1959
Sep-1954
Nov-1972
Oct-1972
Aug-1960
Nov-1966
Feb-1990
Feb-1973
Aug-1965
May-1956
Feb-1969
Jan-1967
Feb-1967
Dec-1964
Dec-1989
Mar-1960
Jan-1965
Dec-1966
Jan-1969
Mar-1966
Oct-1954
Aug-1954
Oct-1968
Aug-1955

400.17
400.16
400.16 !
400.16
400.15
400.15
400.15
400.14
400.14
400.13
400.12
400.11
400.11
400.10
400.09
400.09
400.09
400.07
400.06
400.04
400.04
400.04
400.03
400.03
400.03
400.02
400.02
400.02
400.01
400.00
399.99
399.99
399.98
399.96
399.96
399.95
399.94
399.94
399.94
399.93
399.89
399.88
399.88
399.86

Nov-1968 399.85
Jun-1956
Sep-1960

^
399.03 |

399.85
399.85

Feb-1965! 399.84
Jan- 1990
Sep-1965
Jul-1956

Feb-1966

399.84
399.83
399.82
399.82
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j
ORDER Month-Year
1045 • Feb-1967
1046 ! Mar-1954
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080

Sep-1955
Feb-1954
No v- 1954
Oct-1959
Feb-1955
Feb-1961
Nov-1959
Feb-1990
Jan-1961
Dec-1954
Aug-1956
Dec-1959
Dec-1964
Jan-1965
Dec-1989
Apr-1956
Oct-1955
Jan-1955
Jan-1960
Feb-1960
Feb-1965
Mar-1957
Jan-1990
Nov-1955
Sep-1956
Mar-1956
Feb-1956
Dec-1955
Oct-1956
Feb-1957
Jan-1956
Nov-1956
Dec-1956
Jan-1957

SWS No. 3
403.01
402.99
402.96
402.96
402.96
402.88
402.87
402.86
402.80
402.78
402.76
402.76
402.71
402.71
402.68
402.66
402.64
402.63
402.62
402.60
402.58
402.55
402.51
402.45
402.45
402.29
402.23
402.08
401.90
401.86
401.78
401.66
401.56
401.49
401.43
401. 18

Ordered Monthly Highs
CORPS 70

Sep-1955
Oct-1963
Nov-1989
Feb-1990
Mar-1964
Nov-1963
Jan-1963
Feb-1961
Mar-1954
Jan-1967
Feb-1958
Dec-1958
Feb-1963
Sep-1956
Mar-1957
Jan-1977
Jan-1961
Nov-1955
Jan-1954
Jan-1959
Mar-1956
Jan-1990
Dec-1964
Dec-1963
Feb-1954
Dec-1989
Jan-1964
Feb-1964
Dec-1955
Oct-1956
Feb-1957
Feb-1956
Nov-1956
Jan-1956
Dec-1956
Jan-1957

399.02 Sep-1959
399.02
399.02
399.01
398.98
398.98
398.93
398.92
398.90
398.89
398.88
398.77
398.68
398.67
398.66
398.66
398.60
398.56
398.52
398.44
398.42
398.36
398.35
398.32
398.29
398.19
398.07
398.05
397.97
397.94
397.93
397.82
397.71
397.71
397.62
397.49

.

Dec-1968
Oct-1960
Feb-1955
Nov-1954
Nov-1960
Feb-1961
Dec-1960
Oct-1965
Apr-1956
Oct-1959
Dec-1954
Sep-1955
Nov-1959
Jan-1955
Dec-1959
Dec-1965
Aug-1956
Jan-1961
Nov-1965
Mar-1957
Jan-1960
Jan-1966
Feb-1960
Oct-1955
Nov-1955
Mar-1956
Sep-1956
Feb-1956
Dec-1955
Feb-1957
Oct-1956
Jan-1956
Nov-1956
Dec-1956
Jan-1957

BLSTFRN
399.81
399.80
399.76
399.74
399.73
399.68
399.68
399.66
399.65
399.65
399.64
399.64
399.63
399.60
399.57
399.56
399.56
399.56
399.55
399.53
399.53
399.51
399.49
399.48
399.48
399.35
399.34
399.28
399.21
399.15
399.06
399.03
399.00
398.89
398.89
398.78

E-24



APPENDIX F

Potentiometric Surface Maps (provisional) for 1985,
1990 and 1995.
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Figure F1. Approximate elevation of potentiometric surface, 1985,
(provisional data from Hlinka, 1997).



Figure F2. Approximate elevation of potentiometric surface, 1990,
(provisional data from Hlinka, 1997).
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Figure F3. Approximate elevation of potentiometric surface, 1995,
/r>rnwiri »nol Ho»^s from Mlinlra 10Q7\
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Ground-Water Management in
the American Bottoms, Illinois

.by 'oseph D. Ritchey and Richard J. Schicht
The American Bottoms (Figure 1) is a 450-sq km

(175-sq mi) area of the Mississippi River valley lowlands
that includes the urban industrial areas of East St. Louis,
Granite City and Alton. Ground water is a major source
of water for the area and is used for industrial, public
and irrigation supplies. Ground-water levels prior to

..v-.^ustrial and urban development were near land
;iiface. Intensive industrial development and con-

struction of a system of drainage ditches, levees and
canals to protect developed areas have altered the
water resources in the area. According to Bruin and
Smith (1953), the surface area of natural lakes between
1907 and 1950 was reduced by more than 40 percent.
Development of ground water has caused problems in
the past, including water-level declines in response to
o ^raft conditions. In recent years, water-level rises
durr to reductions in pumpage, high river stages and
high precipitation producing favorable recharge condi-
tions have caused damage to underground structures.
Other related management problems include short
well life, causing added maintenance expense, and
ground-water contamination, causing added pre-
treatment and cleanup expense.

This paper describes the hydrogeology, past ground-
water problems and their solutions, current and future
ground-water activities, and ground-water management
for the American Bottoms.
Hydrogeologic Setting

Ground-water supplies are obtained from perme-
able sand and gravel deposits in unconsolidated valley

•• • 'Ml . The valley fill has an average thickness of 37m (120 ft)
,d is composed of recent alluvium and glacial valley-

Train material (Figures 2 and 3). The valley-train materials
are predominantly medium-to-coarse sand and gravel,
increasing in grain size with depth. The coarsest deposits
most favorable for development are commonly
encountered near bedrock and often average 9 to 12m

(30 to 40 ft) in thickness. The valley fill is underlain by
Mississippian and Pennsylvanian System bedrock con-
sisting primarily of limestone and dolomite with some
sandstone and shale. Because of the low permeability of

•'./ . ,. . . .% . . „.••/***• // / Iw^y\rff/ i '-.^•: »t*».t or iM.CS

mow
figure 7. Location of the American Bottoms, showing

developed areas
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these formations and poor water quality with depth, the
bedrock does not constitute an important aquifer in the
area.

Ground water in the valley fill occurs under leaky
artesian and water-table conditions. Leaky artesian
conditions exist in most of the area because fine-
grained alluvium in the upper deposits impedes the
vertical movement of water. Water-table conditions
prevail in the northeastern portion of the area, where
the upper deposits consist of coarser alluvium, and at

H IW

Figure 2. Thickness of the valley fill

the major pumping centers where deep cones of
depression have dewatered upper sediments.

Hydraulic properties of the aquifer were determined
from approximately 10 aquifer tests and 100 specific-
capacity tests conducted on industrial, municipal, irriga-
tion and relief wells. Based on aquifer test data, the
coefficient of storage ranged from 0.002 to 0.155 and the
hydraulic conductivity ranged from 5 xlO'Vi/sec (1,060
gpd/ft2) to 1.4 x 10-Wsec (2,900 gpd/ft2).

Recharge occurs from four sources: precipitation,
infiltration from the Mississippi River, subsurface flow
from the uplands (bluffs) and inflow from the Mississippi
River buried valley channel.
Historical Perspective
Low Ground-Water Levels

The first significant withdrawal of ground water in
the American Bottoms area started in the late 1890s
(Figure 4). Pumpage increased from 0.044mVsec (1.0
mgd) in 1900 to 4.6mVsec (104 mgd) in 1956. Increased
industrial output was mainly responsible for the tremen-
dous growth in water withdrawal. Industries in the area
include oil refineries, steel plants, meat packing plants
and ore refining plants. As a result of increased with-
drawals, ground-water levels by 1956 declined to critical
stages in major pumping centers, particularly in the
Granite City area. As shown in Figure 5, water levels in
1900 ranged from less than 122m (400 ft) to more than
128m (420 ft) near the bluffs. By 1956, water levels in
major pumping centers declined to elevations ranging
from 105m (345 ft) at Granite City to 119m (375 ft) at
Wood River, as shown in Figure 6.

In addition to increased withdrawals, a severe
drought from 1952 to 1956 affected ground-water levels.
During this period, development of ground water for
irrigation reached significant proportions.

The most serious decline in water levels occurred at
Granite City, where the water levels dropped 17m (55 ft)
to 105m (345 ft) above mean sea level. As a result, the
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:/gure 4. Total pumpage in the American Bottoms

from 7890-7980 (Ritchey et a/. 7982)
Granite City Steel Co., the major water user in the area,
abandoned its wells in 1957 and began obtaining water
from the Mississippi River.

Withdrawals in the Granite City area in 1956 were
1.3 ,ec (30 mgd). Schicht (1965) estimated the practical
sustained yield of the pumping center in Granite City to
be 0.66mVsec (15 mgd). He also demonstrated that the
American Bottoms area could sustain a yield of 8.2mVsec
(187 mgd), 3.1 mVsec (70 mgd) more than the maximum
amount withdrawn in 1964. The selected scheme of
development suggested by Schicht would locate well-
l''^$s so that the area of influence is extended over the
' ^'/e area (Figure 7).
High Ground-Water Levels

Since 1970, high ground-water levels in many areas
of the American Bottoms have caused damage to
basements, sewers and other underground utilities and
sections of roadway in recent years. These elevated
levels are due to reduction in ground-water withdrawals
ir <; area, high Mississippi River stages and above-
ndmnal precipitation. In 1973, for example, extensive
damage occurred due to high ground-water levels
because high Mississippi River stages occurred follow-
ing a year of moderately high ground-water levels
(FigureS).

Controlling high ground-water levels is a primary
objective of water resources management in the Ameri-
can Bottoms. Ongoing activities and a look to the future
are addressed in the following sections.
Short Well Life

According to a study by Bruin and Smith (1953), the
median service life of municipal wells terminating in
sand and gravel formations in the American Bottoms is
about half that for similar wells in other parts of Illinois.
Nearly all the wells retired in the area were taken out of

•vice either because the screens had become partially
-clogged or because the wells had filled with sand.
Schicht (1965) made a study of mechanical analyses
presented by Bergstrom and Walker (1956) which
indicated the presence of a high percentage of fine
material that under heavy pumpage could migrate

Figure 5. Elevation of" the piezometr/c surface in 7900
(.Schicht 7965)

DwuntOT ISMflEZOMETRIC SURFACE
CONTOUR INTERVAL 5 FT.

Figure 6. Elevation of the piezometric surface in
December 7956 (Schicht 7965)
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Figure 7. A selected scheme of development

toward a screen and partially clog the well screen
openings. A recent study of large-volume water users in
the American Bottoms (Planning and Management
Consultants Ltd. 1982) revealed that sand in the well
water was among the reasons given for well abandon-
ment.

Though encrustation of well openings is not a
significant problem, water quality has affected ground-
water use. Studies of ground-water quality by Bruin and
Smith (1953) and Schicht (1965) noted that water samples
from wells in heavily pumped areas often have high
sulfate and iron contents and a high degree of hardness.
High iron content, generally poor water quality and
high water treatment costs were also given as reasons
for well abandonment (Planning and Management
Consultants Ltd. 1982).
Ground-Water Contamination

Ground-water contamination in the American
Bottoms is certain though its extent and seriousness
have not been well defined. Permits to dispose of refuse
have been issued for more than 75 sites in the American
Bottoms by the Illinois ERA. In addition to ground-water
contamination resulting from land disposal of wastes,
long-term increases in chloride and sulfate content
have occurred near pumping centers due to other
factors (Schicht 1977). Industrial activity and the use of
road salt was considered the probable major contributor

I LL INOIS

t

Figure 8. Location of sewer damage that occurred in
7976 (U.S. Army Corps of Engineers 1979)

to the increase in chloride content. Increase in the
sulfate content also was attributed to industrial activity;
however, an additional source may be the upward
movement of high-sulfate water from the bedrock.
Deposition of sulfate from the atmosphere, resulting
partially from the burning of coal and oil and by the
smelting of ores, was suggested to be a contributor to
ground-water quality degradation, but has not been
quantified.
Current Activities

A variety of operation, surveillance, research and
legal activities are currently in progress in the American
Bottoms. Activities in each area are highlighted below,
based on available information.
Operation

The Illinois Department of Transportation (IDOT)
operates and maintains a deep-well dewatering system
at an interstate highway junction in National City (Figure
9). The juncture of interstate highways 55, 64 and 70
includes a section of roadbed 11m (35 ft) below the
original land surface. The interchange was constructed
in the early 1960s when water levels were near the level
of the roadbed. As pumpage at nearby industries
declined, water levels rose damaging pavement and
making it necessary to construct a dewatering system.
What began as a small system operating intermittently



Figure 9a. Location of wells at the junction of 1-70 and
1-64 In East St. Louis, Illinois (Courtesy of
Illinois Department of Transportation)
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Figure 9fa. Location of wells at the junction of 1-64 and
15th Street in East St. Louis, Illinois
(Courtesy of Illinois Department of
Transportation)

Figure 9c. Location of wells at the junction of 1-64 and
25th Street in East St. Louis, Illinois
(Courtesy of Illinois Department of
Transportation)

presently includes 40 deep wells withdrawing an average
of more than 3.1mVsec (7 mgd) per year. The water is
discharged to a drainage ditch that flows into the
Mississippi River. The water is fairly high in iron content
and therefore is not a marketable commodity in an area
of abundant water supplies.

Currently, a second dewatering site is proposed by
IDOT for a section of State Route 3, which passes
beneath railroad tracks in Venice, Illinois. Six deep wells
are proposed to remove approximately 0.04mVsec (0.9
mgd) in order to prevent pavement damage caused by
the heaving and settling of roadbeds resulting from
freezing and thawing of ground water near the surface.

Beginning in 1966, three oil companies in the
Hartford and Wood River areas received reports of
odors and fires near their refineries. Results of investiga-
tions beginning in 1978 indicated that man-made and
natural sources of combustible air/gas mixtures in the
ground were present in and near Hartford (Mathes
1982). Some of the odors emanated from an under-
ground accumulation of spilled petroleum products
floating on top of the water table. The petroleum
products, including gasoline, diesel fuel, light oil and jet
fuel, were presumably lost from underground pipelines
which traverse the Village of Hartford between the
refineries and shipping terminals on the Mississippi
River. The combined volume of the three pools of
petroleum products illustrated in Figure 10 was esti-
mated to be about 3,785m3 (1,000,000 gal). By November
1981 more than 2,130m3 (564,000 gal) of pure petroleum
product had been recovered by installation of two
shallow pumping wells and two deep wells (Figure 11).
The information presented here is based on the work of
the consulting engineering firm of John Mathes and
Associates Inc. No information was available as to
whether or not leaks in underground pipelines were
repaired and whether all of the spilled petroleum would
eventually be recovered.
Surveillance

The U.S. Army Corps of Engineers is currently
sponsoring a ground-water quality surveillance project
in the American Bottoms. The purpose of this project
conducted by the USGS is to determine the quality of
ground water that may be encountered in future
dewatering projects under consideration. A wide variety
of parameters are to be determined, including cations,
anions, heavy metals and selected organics.

A second surveillance project being considered by
the Corps of Engineers is to determine if any contamina-
tion has occurred at a small Army installation in
Madison near the Chain of Rocks canal. Seven sites
were identified that may contain various heavy metals,
hydrocarbons and organics.
Research

The U.S. Army Corps of Engineers is currently
funding a study related to high ground-water levels. The
aim of this project, conducted by the Illinois State Water
Survey, is to design and evaluate different systems to
lower ground-water levels. Proposed systems include
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F/gure 70. Thickness of petroleum products occurring
on the top of the piezometric surface in
Hartford, Illinois (Mathes 1982)

extending the current drainage ditch system or installing
high-capacity wells. Various configurations of each
system will be evaluated with the aid of a digital
computer model.
Legal

Legal action against companies operating in the
American Bottoms has been considered. Ground-water
contamination has been suspected at a number of
industrial waste disposal sites, and the Illinois EPA and
the Illinois'attorney general's office are investigating a
number of different cases.
Future Outlook

The American Bottoms area has experienced many
problems over the past decade. Increased energy and
labor costs as well as aging facilities and declining sales
have adversely affected many industries in the area. The
result has been a reduction in water use because of
decreased demand and the initiation of conservation
efforts.

Positive economic changes are not expected in the
immediate future, and the long-term outlook is uncer-
tain. Forecasts of ground-water use, based on correspon-
dence with industry and municipal representatives, are
presented in Figure 11 The Southwest Illinois Metropoli-
tan Area Planning Commission, which forecasts popula-
tion growth, expects population to grow slowly. Munici-
pal water use of ground water is expected to increase at
a fairly constant rate. Industrial water use of ground
water is expected to remain constant for a number of
years until major industrial growth can be re-established

/—s

F/gure 77. Diagram of the petroleum products
recovery system (Mathes 7982)

in the area. When this occurs, new industry with large
water requirements may locate in the area with the
potential of increasing total water use significantly.

Two major construction projects are being consid-
ered by the U.S. Army Corps of Engineers in the
American Bottoms area, which may affect ground-
water levels and quality. One is the construction of Lock
and Dam 26 on the Mississippi River at Alton, Illinois.
This multi-year, multi-million dollar project would be
constructed approximately two miles downriver from
the old lock and dam. Aspects of this project that could
affect ground-water levels include the proposed
dewatering during installation of pilings for the lock,
and then, after completion of the lock and dam, the
impact of the pool on sediment deposition and there-
fore on riverbed infiltration and on water levels in the
riverbank adjacent to the new pool.

The second major construction project under con-
sideration is a dewatering/drainage system to reduce or
maintain ground-water levels in areas having a high risk
of flooding. Two systems that have been considered are
a deep-well system and a line-collector system (U.S.
Army Corps of Engineers 1979). Figures 13 and 14
illustrate possible design and the resulting water-level
decline contours after one year, as determined by a
two-dimensional digital ground-water flow model.
Other designs have also been simulated (Ritchey et al.
1982). The cost-effectiveness of each design will be
determined as part of another project yet to be
conducted.



Figure 12. Forecast of total pumpage in (he American
Bottoms from 1987-2000 (Ritchey et a/. 1982)

Ground-Water Management
Management of ground-water resources in the

American Bottoms has consisted primarily of individual
TV jnses to specific problems as they arise. Planning,
research and construction activities are undertaken by
federal, state and local agencies depending upon the
scope of the problem and the jurisdiction of agencies.
Each problem is dealt with separately because no
comprehensive water authority exists.

The St. Louis District of the U.S. Army Corps of
F/igineers has done most of the recent work in the
^'icrican Bottoms. This group is authorized by Congress

"10 focus its efforts on flood-related problems. Because
many of the problems in the American Bottoms are
either directly or indirectly caused by flooding, the
Corps of Engineers has assumed responsibility for
remedial and preventive efforts.

The Illinois ERA is responsible for protection of the
quality of ground-water resources. The functions of this

••ncy include supervision of public water supplies,
t»-*\jance of permits and monitoring of waste disposal
sites.

The Illinois Department of Transportation is respon-
sible for the state's highways and shipping channels.
Because of damage to roadbeds due to high ground-
water levels, IDOT has responded by constructing
dewatering systems to maintain low ground-water levels.

The I Ilinois State Water Survey of the Department of
Energy and Natural Resources conducts scientificstudies
of ground-water resources, including those studies
mentioned here: Schicht (1965), Schicht (1977), U.S.
Army Corps of Engineers (1979), and Ritchey et al.
(1982). Ground-water information collected and main-
tained by the survey includes data on water levels, water
quality and water withdrawals.

The Southwestern Illinois Metropolitan Area Plan-
ning Commission (SIMAPC) is a regional agency encom-

-•passing all of the American Bottoms area as well as
additional areas to the northeast and south. SIMAPC has
the authority to assist local governments with plans,
policies and proposals concerning flood control and
drainage and to conduct research required for planning,
including the collection of data on population trends.

ILL INOIS

ALTERNATIVE II YRJ.

Figure 13. Locations of possible deep we//s and the
resulting water-level dec/ine contours (U.S.
Army Corps of Engineers 7979)

LINE COLLECTON ALTERNATIVE tl Till.

Figure 14. Locations of possible Jine-co//ectors and the
resulting water-/eve/ decline contours (U.S.
Army Corps of Engineers 1979)
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Conclusions
Industrial growth in the American Bottoms area was

in part caused by an abundant supply of ground water.
Decline in the use of ground water by industry was
caused by the combined effects of a deteriorating
economic environment; poor design of many wells,
resulting in premature failure; adverse changes in
ground-water quality; and efforts to conserve water.

Ground-water use in the future may not exceed use
in the past because of the poor water quality and the
unfavorable conditions that must be overcome to
attract industries that use larger quantities of water.
Industrial revival by small ground-water users will not
appreciably affect ground-water levels.

It may be possible to use ground water withdrawn
from the dewatering systems for consumption rather
than to discharge it to the Mississippi River. This may be
the only way to obtain favorable benefit/cost ratios for
such a system. However, this in effect would be
subsidizing ground water, which may not be possible
because it could be considered discriminatory against
surface-water suppliers.

Protection of existing ground-water supplies, particu-
larly public supplies, is essential. Public ground-water
use has continued to increase despite the conditions
affecting industrial water use.

The American Bottoms is a prime example of an area
with regional ground-water problems that require a
regional management approach to achieve solutions.
Though many agencies have been involved in opera-
tions, surveillance, research, and legal activities, institu-
tional and legal constraints have prohibited the formula-
tion of a regional management authority. Until all those
involved in ground-water related activities unify to
support a regional ground-water management program
in the American Bottoms and other areas experiencing
similar difficulties, problems will remain difficult to
solve.
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DEVELOPMENT OF A
THREE-DIMENSIONAL

GROUND-WATER FLOW MODEL FOR
SAUGET SITE R,

SAUGET, ILLINOIS

1.0 INTRODUCTION

Monsanto Company retained Geraghty & Miller, Inc. to construct a three-dimensional
ground-water flow model for Sauget Site R and surrounding area in Sauget, Illinois. The
purpose of the project was to develop a calibrated model to simulate ground-water flow at
Sauget Site R, which is shown on Figure 1. Contained in this report is the documentation
of the model construction and calibration. The model was calibrated successfully to low flow
conditions representing base flow to the Mississippi River using water-level data measured
in November 1988. This time period represented a prolonged period of base flow conditions
in the Mississippi River. The model was further tested by calibrating to high river stage
conditions which occurred in November 1985.

A ground-water model is a powerful tool for analyzing current ground-water flow
conditions and for predicting the impacts of remedial actions on the ground-water system.
Development of an accurate model requires the integration of all available data defining the
flow system. The current Sauget model incorporates all ground-water data collected through
August 1992, including results from the June 1992 aquifer test conducted at Site R.

The scope of the ground-water Dow modeling analysis included three main tasks: (1)
data review and organization, (2) conceptual model development, and (3) model calibration.
The purpose of the ground-water flow analysis was to develop a calibrated steady-state,
ground-water model suitable for predicting water levels over a wide range of future
conditions and potential system stresses.

The data review phase of the ground-water flow analysis examined all data pertinent
to the ground-water system. In general, four fundamental types of information are required
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for modeling a particular hydrogeologic system: (1) geologic framework, (2) hydraulic
properties, (3) water levels, and (4) fluid sources and sinks (pumping rates, recharge, etc.).
The data review and organization phase resulted in development of a modeling database.
This database facilitates the integration and analysis of data about the hydrogeologic system.
The database forms the foundation of the conceptual model and provides the necessary
information used during the model construction and calibration.

The Monsanto database includes geologic information from the extensive work
Geraghty & Miller and other consultants have conducted at Sauget Site R and Monsanto's
W.G. Kjummrich plant in Sauget, Illinois. Water levels have been monitored biannually
since 1984 and water-level recording instruments have provided continuous water-level data
at nine locations in the area during that time period. Sources and sinks in the ground-water
system include the Mississippi River, the Harding Ditch and associated tributaries, as well
as the small lakes located to the north of the Harding Ditch.

The conceptual model, a succinct description of the important components of the
.;',r"^-T ground-water system, was developed on the basis of the data review. The conceptual model

formulates input data for the mathematical model by identifying initial values for hydraulic
parameters. The conceptual model also guides calibration of the numerical model and aids
in interpreting model results. The conceptual model of the ground-water flow system is
presented in the next section.

After developing a conceptual understanding of the ground-water flow system, the
numerical model was constructed. Model construction consisted of discretizing the flow
system into rectangular blocks, assigning aquifer properties to each block, and estimating
ground-water sources and sinks. Model data sets were constructed for the USGS Modular
Three-Dimensional Flow Model, also know as MODFLOW (McDonald and Harbaugh
1988). MODFLOW is a well-accepted public domain software package for modeling three-
dimensional ground-water flow.
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Model calibration refers to the process of adjusting hydraulic parameters to obtain
a reasonable jnatch between water levels measured in the field and water levels calculated
by the model. The Site R model was calibrated to water levels measured in November 1988
(base flow conditions) and to water levels measured during a flood event in November 1985.
The 1988 calibration is termed a steady-state calibration and represents base flow conditions
in the ground-water basin. The 1985 calibration was performed transiently to a short-term
flood event where ground-water gradients were reversed in the vicinity of the Mississippi
River and Sauget Site R. Quantitative or statistical comparisons were made between the
site water-level data and model-computed heads for the steady-state calibration, while only
a qualitative comparison was made for the transient calibration. The transient calibration
was evaluated qualitatively because only one set of measurements was available for a large
transient event. Thus, there was more uncertainty involved in the transient analysis than in
the steady-state calibration.

2.0 CONCEPTUAL MODEL

Zl GEOLOGY

Sauget Site R and the surrounding area included in the ground-water flow model are
located in southwestern Illinois on the flood plain of the Mississippi River, named the
American Bottoms (Figure 1). The flood plain is surrounded by bedrock bluffs on the
eastern boundary of the model and across the Mississippi on the western boundary of the
model. The flood plain contains unconsolidated deposits composed of recent alluvium
(Cahokia Alluvium) which overlies glacial material (Henry Formation). Underlying the
unconsolidated deposits is Mississippian and Pennsylvanian limestone and dolomite with
lesser amounts of sandstone and shale. The average thickness of the unconsolidated
material across the model area is approximately 130 ft

To simplify the flow system and thus the model, the unconsolidated deposits were
categorized into three hydrogeologic zones. They are as follows: the water-table (shallow)
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zone (Layer 1), intermediate zone (Layer 2), and deep zone (Layer 3). The following
discussion will be limited to these three zones. The bedrock is not included in the model
because it is not an important aquifer due to low permeability. Although the water-table,
intermediate, and deep zones have variable thicknesses, a uniform thickness and depth
interval was assigned to each, subsurface zone for the purpose of modeling. The thickness
of each zone is provided later in this section. These zone distinctions are based on the
differences in subsurface lithologic conditions. Wells used to guide the modeling effort are
shown on the site location map (Figure 2). Delineation of the three zones and their
relationships to the layers are shown on the generalized east-west cross section found on
Figure 3. The cross section lies in the western portion of the model area, which has good
geologic control due to extensive drilling by Geraghty & Miller and others at Sauget Site R

"~ and at the W.G. Krurnmrich plant. The geology is fairly uniform throughout the model area
and, therefore, only an east-west cross section is necessary.

The water-table zone consists of the Cahokia Alluvium (recent deposits), which is an
i-,::-A unconsolidated, fine-grained silry sand. For the purposes of the model, the layer is
^jf considered to be 30 ft thick, starting at the water table and continuing down to the medium

sand deposits of the Henry Formation (bottom elevation of the layer is 365 ft msl). The
cross section (Figure 3) shows Layer 1 to be a low permeability zone with fine-grained silry
sand deposits predominating.

._ The intermediate zone is much coarser than the overlying water-table zone. This
zone contains medium-grained sand representing the upper portion of the Henry Formation,
a Wisconsinan glacial outwash in the form of valley-train deposits. Valley train deposits are
long narrow bodies of outwash, deposited by meltwater streams far beyond the terminal
moraine and confined within the walls of a valley. The Henry Formation is characterized
by medium to coarse sand becoming coarser with depth. Thickness of model Layer 2 is 45
ft. This corresponds well to the range of thickness in the cross section (Figure 3).
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Below the intermediate zone is the deep zone (Layer 3) which is marked by coarser
deposits of the lower portion of the Henry Formation. In some areas, till and/or boulder
zones were encountered 10 to 15 ft above the bedrock. The coarser deposits are delineated
by the model to be 35 ft thick (Figure 3).

12 PREVIOUS NUMERICAL MODELING STUDY

A modeling study of the entire American Bottoms ground-water flow system was
conducted by the Illinois State Water Survey Division (Ritchey et al. 1984). The purpose
of this study was to conduct a detailed investigation of the flow systems in the area. Then
current hydrologic data pertaining to the area were compiled, a computer model was
developed to simulate the movement of the ground water, ground-water levels in the area
were analyzed, and future ground-water levels were predicted. Documentation of the model,
including a user guide, was also included.

The compilation of hydrogeologic information included the distribution of pumpage
in the area including the major and minor pumping centers and pumpage from wells
adjacent to the Mississippi River. A series of hydrographs from the years 1940 to 1981 were
plotted and included in the report.

The ground-water model used was a modified form of the Illinois State Water Survey
aquifer model (Prickett and Lonnquist 1971). Modifications were made to incorporate river
stage and precipitation. The model was calibrated by history matching two 5-year periods
with constant 1-month time steps. Hydrographs of actual and simulated water levels of ten
observation wells and the nearest model well for the two 5-year periods were presented.
The model was found to consistently calculate water levels within 2 ft of the actual measured
water level within a specified area of interest.

Ground-water levels were evaluated with the aid of ground-water level exceedance
plots. Ground-water level exceedance probability plots were constructed for ten model wells

GERAGHTY & MILLER. INC



6
by compiling the maximum yearly water levels from monthly simulated values. Plots were
based on simulation of the 30-year period from 1951-1980. Mississippi River stage was also
simulated during the 30-year period from 1951-1980.

2J HYDRAULIC PROPERTIES

In 1986, Geraghty & Miller compiled hydraulic properties that were determined from
aquifer tests and slug tests run by Geraghty & Miller and other consultants (Geraghty &
Miller, 1986b). These data are listed in Table 1. In general, the hydraulic conductivities of
the intermediate and deep zones are much greater than that of the shallow water-table zone.

A detailed aquifer test was conducted by Geraghty &. Miller in June 1992. The
results from this test indicate that the intermediate and deep zones have approximately
equal permeability with an average of 315 ft/d (Table 2). The storage coefficient was
calculated to be 0.007. The overall transmissivity of the combined intermediate and deep
zones was found to be about 30,000 ft2/d which was used in the model, and 15,000 ft2/d was
applied to each zone. The construction of the model is described in Section 3.0.

2.4 RECHARGE

Average annual rainfall in the Sauget area is approximately 34 inches. Based on a
30-year average (1951 to 1980) for precipitation in the Sauget area, 13 inches of
precipitation are estimated to infiltrate into the ground as recharge to the aquifer system.
The calibrated steady-state model represents base flow conditions, so a lower value of
recharge was used (about 9 inches/year).
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3.0 GROUND-WATER FLOW MODEL CONSTRUCTION

3.1 CODE SELECTION

Ground-water flow in the Sauget area was modeled with the USGS Modular Three-
Dimensional Finite-Difference Ground-Water Flow Model (McDonald and Harbaugh 1988),
also known as MODFLOW. The three-dimensional capabilities of this code are appropriate
for the proper treatment of the vertically variable hydrostratigraphy (three distinct aquifer
zones) and boundary conditions at the study site. MODFLOW is also well documented,
publicly available, and generally accepted within the scientific community.

Prior to the simulation of ground-water flow at Sauget Site R and vicinity using
MODFLOW, the model was calibrated using an automatic (inverse) parameter estimation
algorithm incorporated into the MODFLOW code by Duffield (1988). The inverse
algorithm systematically selects a set of user-specified hydraulic parameter values that
provide a least-squares match between observed and calculated water levels. Hydraulic
parameters estimated in the Sauget model include: (1) hydraulic conductivity in the water-
table zone (Layer 1), (2) vertical leakance across the water-table/intermediate and
intermediate/deep boundaries, (3) vertical leakance of the Mississippi River bottom
sediments, and (4) precipitation recharge. The transmissivity of the intermediate and deep
zones (Layers 2 and 3, respectively) was maintained at the value estimated from the June
1992 aquifer test and was not changed during calibration.

3.2 MODEL CONFIGURATION

32.1 Discretization

The Monsanto model includes Sauget Site R, the entire W.G. Krummrich facility, and
a large amount of the surrounding area, as shown on Figure 4. The model grid covers 58
square miles around the Sauget area with an east-west dimension of 44,000 ft and a north-
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south dimension of 37,000 ft. The model is much larger than the area of interest to
incorporate regional ground-water flow effects at the site scale. The model extends to the
bedrock bluffs east and west of the site (across the Mississippi River) and to Old Prairie
Dupont Creek south of the site. The northern boundary of the model coincides with the
center of a pumping cone of depression caused by dewatering efforts near the Poplar Street
Bridge.

In the finite-difference modeling technique used in MODFLOW, the aquifer is
divided into rectangular regions known as cells. The maximum cell dimension in the Sauget
model is 1,000 ft. These large cells were placed away from the areas of interest. Finer grid
spacings were used near Sauget Site R and the W.G. Krummrich Plant. The smallest cells
measure 250 ft on a side. A portion of the finite-difference grid covering Site R and the
Krummrich Plant is shown on Figure 5. This figure is provided to illustrate the finer detail
used to model these areas.

j :^; The model contains three layers representing the Cahokia Alluvium (Layer 1) and
**^ Henry Formation (Layers 2 and 3). The upper model layer is unconGned and the lower two

layers are semiconfined, although there are no continuous aquitards separating any of the
model layers. The flow of ground water between model layers is represented in the model
using a leakance term. The leakance term incorporates the lower vertical permeability
characteristic of most glaciofluvial deposits to retard the movement of ground water between

-— the three aquifer zones.

3.2.2 Boundary Conditions

To represent the variety of physical boundaries to the aquifer system in the Sauget
area, several types of boundary conditions were prescribed in the ground-water flow model.
A boundary condition is a numerical representation of a physical boundary or process
effecting the aquifer system. These physical boundaries and processes include: (1) surface-
water bodies and streams (Mississippi River and the lakes northeast of the site), (2)
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production wells in the Sauget area, (3) the vertical and lateral limit of the unconsolidaied
aquifer system, and (4) precipitation recharge.

Two primary types of numerical boundary conditions were used in the Monsanto
model to represent these physical boundaries to the system. The model boundary conditions
are termed constant head and flux boundaries. A third type of boundary condition, called
a head-dependent flux boundary condition, was not employed in this model. The latter mav
be used to represent drains, for example, but there are no such features in the area.

For the purposes of calibration, constant head boundaries in the upper model layer
were used to represent all surface water features including the Mississippi River, the Harding
Ditch, and other small streams. In a constant head boundary cell, the ground-water level
is fixed at a specified point for the duration of the simulation. This provides a continuous
source or sink for ground water in the surrounding aquifer. The water-level value specified
in a constant head which represents a surface stream is equal to the water elevation on the
stream. A river stage of 381 ft msl was estimated for the Mississippi River from the gauging
station at St. Louis, Market Street (Mile 179.6). Elevations for the remaining surface-water
bodies were estimated from USGS topographic maps of the area.

A constant flux boundary condition represents a continuous and constant inflow or
outflow of water within a model cell. Rather than specifying a constant water elevation, a
constant discharge or recharge rate is used. Constant flux boundary conditions typically
represent wells, recharge, or areas of no ground-water flow (the flux is zero). The latter are
termed no-flow boundaries. Boundary conditions in Layer 1 are shown on Figure 5. The
outer edge of cells on Figure 5 are assumed to be no-flow boundaries, except where
specified as another type of boundary condition.

Constant flux boundary conditions were used in the model to represent: (1) recharge
from precipitation, (2) production wells north of the site, and (3) the limit of the
unconsolidated deposits (no-flow boundaries). A special form of no-flow boundary was used
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io
to represent the northern boundary of the model in all layers and the southern boundary in
Layers 2 and 3. These boundaries were selected so as to be parallel with the regionul
ground-water flow directions. In this manner, the ground-water flow lines (or stream tubes)
represent the model boundary. In theory, ground water does not flow across stream lines,
and thus a no-flow boundary is formed.

The northern boundary was also selected to bisect the cone of depression surrounding
a production center. This boundary takes advantage of the symmetry of the cone uf
depression and uses streamlines entering the production zone from the east and west. Thus,
only half of the cone of depression around the pumping center is simulated. Consequently,
only half of the pumping rate for these wells was used in the model.

The remaining no-flow boundaries included the eastern and western boundaries in
all layers and the base of the model (bedrock surface). The eastern and western boundaries
represent the bedrock bluffs as shown on Figure 4. It is assumed that the volume of water
entering or leaving the unconsolidated aquifer system from the bedrock is insignificant
compared to the volume of water entering from precipitation and induced leakage from the
river.

Three discrete zones of recharge were defined in the model in Layer 1. The primary
recharge zone covers most of the model and received 8.8 inches per year (in/yr)(2.0xlO~3

ft/day). A second recharge zone was used to simulate an anomalous ground-water mound
in the W.G. Krummrich Plant. This zone received 370 in/yr (8.4xlO'2 ft/day). The third
recharge zone represents the clay cap which was installed over the landfill at Site R, adjacent
to the Mississippi River. Recharge zone No. 3 received 2.63 in/yr (6-OOxlO"4 ft/day). The
location of these zones is shown on Figure 6.

The model recharge rate of 8.8 in/yr is below the average of 13 in/yr, as discussed in
Section 2.5. The lower rate was used to simulate base flow conditions during dry periods
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of the year. The model was calibrated to the period around November 1988 when the
Mississippi River was at a relatively constant but low stage.

3.3 AQUIFER PARAMETERS

Aquifer parameters such as hydraulic conductivity, transmissiviry, and vertical
leakance were assigned to each cell in the model using the concept of parameter zonation.
This philosophy of modeling specifies several discrete values of each parameter which are
assigned to groups (zones) of cells. Aquifer properties defined in the model include: (1)
hydraulic conductivity of Layer 1, (2) transmissivity of Layers 2 and 3, (3) venical leakance
between model layers, and (4) bottom elevation for Layer 1.

Layer 1 was divided into three separate hydraulic conductivity zones having values of
6.2, 1.0, and 0.4 ft per day (ft/day). These values were determined during the calibration
process. These hydraulic conductivity zones are referred to as Zones 1, 4, and 5,
respectively. Zone 1 represents the hydraulic conductivity of the Cahokia Alluvium, Zone
4 represents the hydraulic conductivity of the landfill, and Zone 5 represents the bottom
sediments of the Mississippi River. The distribution of hydraulic conductivity zones in Layer
1 is shown on Figure 7.

The calibrated values of hydraulic conductivity in Layer 1 for Zones 1, 4, and 5 fall
within the range of field measurements for the Cahokia Alluvium (0.25 to 17.01 ft/day).
Hydraulic conductivity Zone 1 (6.2 ft/day) represents average conditions across Layer 1, the
low permeability layer. The value given by the model is very close to the average field
hydraulic conductivity (4.42 ft/day) which is the range of silty sand. Hydraulic conductivity
Zone 4 (1.0 ft/day) represents the filled portion of Sauget Site R which is estimated to be
less permeable than the surrounding area due to the reworked nature of the landfill
material. Zone 5 has a hydraulic conductivity of 0.4 which represents the Mississippi River
bottom sediments, which are finer grained than the Cahokia Alluvium.
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The transmissivity of the Henry Formation was defined in two zones (2 and 3 in the
model). Zone.2 represents Layer 2 which has a transmissivity of 15,000 ftVday. Zone 3
represents Layer 3 which also has a transmissivity of 15,000 ftVday. Both Zones 2 and 3 are
part of the glacial Henry Formation. The transmissivity values used in layers 2 and 3 were
derived from the results of the June 1992 aquifer test These values were not refined during
calibration.

The leakage of water between the three layers was treated using a leakance term.
The leakance term was calculated using the vertical permeabilities and the thickness of the
layers. Five leakance zones were determined during the calibration. The vertical leakances
between Layers 1 and 2 are 0.0063 day'1 (Zone 1, Water-table Layer/Intermediate Layer),
LOxlO"* day'1 (Zone 3, water-table layer/intermediate layer in the landfill area), and 0.42 day"'
(Zone 4, Mississippi River/Intermediate Layer). Figure 8 depicts the vertical leakance zones
in Layer 1. The leakance between Layer 2 and 3 has a value of 1.00 day'1 (Zone 2,

: : Intermediate Layer/Deep Layer). The leakance for Zone 5 in the intermediate layer/deep
,,}$$% layer (Mississippi River) is 0.25 day'1.
v—•••

A summary of the hydraulic parameter zones and their model calibrated values are
shown in Table 3, which also includes the recharge values discussed in the previous section.
All values were estimated using the automatic calibration procedure which is described in
the next section.

4.0 STEADY-STATE MODEL CALIBRATION

4.1 CALIBRATION TECHNIQUE

A ground-water model is calibrated by adjusting aquifer properties (hydraulic
conductivity, transmissivity, and vertical leakance) and boundary conditions within reasonable
limits to obtain an acceptable match between observed and calculated ground-water levels.
The reasonable limits within which parameters may be varied is determined by field testing
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and by values reported in the scientific literature. Many single-well aquifer tests and slug
tests were used to set reasonable limits for hydraulic conductivity in the Sauget area. An
acceptable match between water levels measured in the field and those calculated by the
model is determined through graphical and statistical analysis of residuals. A residual is the
difference between observed water levels (Geld measurements) and water levels calculated
by the model.

The model was calibrated using a nonlinear least-squares technique known as the
Marquardt Algorithm (Marquardt 1963). This technique is often referred to as "automatic
calibration" or inverse modeling. Inverse techniques determine optimum aquifer parameter
values for a given model configuration (grid spacing and boundary conditions) which provide
the best statistical calibration. The calibration for the model was arrived at through an
iterative procedure involving inverse model runs and subsequent redefinition of aquifer
parameter zones and boundary conditions. Parameter values for the final calibrated model
were described in the previous section.

Two types of calibrations were performed on the Sauget model. The first step
consisted of calibrating the model to base flow (steady-state) conditions in the Mississippi
River. The steady-state calibration was performed by comparing model-calculated water
levels to those measured in the Geld during November 1988. This period represents a
prolonged base flow period. The second calibration compared model calculations to a flood
event in the Mississippi River in November 1985. The latter was a transient calibration
which is discussed in Section 5.0.

4.2 CALIBRATION TARGETS

A critical component of any model calibration is a set of measured ground-water
levels to compare with model calculations. These observed or measured ground-water levels
are known as calibration targets. The goal in selecting calibration targets is to define a set
of targets that are reliable and well distributed throughout the area of the model.
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Calibration targets were selected for the model using a three-step procedure. In the
first step, the November and December water levels for the years 1984 through 1988 were
compiled to chose the year that would most closely represent steady state ground-water flow
conditions in the area. The months of November and December were chosen because they
are typically closest to base flow conditions in the Mississippi River. The standard deviation
for each of the wells was also computed to assess the variability in water level
measurements. Water levels from 1988 were chosen during the first phase of target
selection because of prolonged base flow conditions in the Mississippi River which imparted
a low standard deviation in water level measurements.

During the second phase of target selection, wells with a 1988 reading and a low
standard deviation were included in the list of targets. Wells exhibiting a large standard
deviation (> 3 ft) were not included in the list of targets; however, it was necessary to
choose some wells near the Mississippi River with a high standard deviation. The high
standard deviation is due to the extreme fluctuation in water levels near the Mississippi
River because of the river's variation over time. Most of the standard deviations away from
the river were less than 3 ft and near the river the deviation was approximately 6 ft. The
1988 readings were chosen because these measurements were made during a prolonged
period of base flow conditions in the Mississippi River.

During the third phase of target selection, clusters of wells were reduced in number.
Many of the wells are closely grouped around the landfill, for example. In order not to
significantly bias the automatic calibration procedure, not all wells around the landfill were
used in the calibration. Wells were chosen to provide an even distribution over the study
area. Using this three-step approach, 69 target wells were chosen from a total of 164 wells.
The water-table zone (Layer 1) contains the greatest number of calibration targets (30). The
calibration targets in the intermediate (23) and deep (16) zones are fewer in number, but
well distributed. The locations of calibration targets within the model are shown on Figures
9 through 11. These wells are also summarized in Table 4.
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4.3 STEADY-STATE CALIBRATION RESULTS

One of the most important parameters used in evaluating a calibration is the residual.
A residual is calculated for each calibration target by subtracting the model-calculated water
level from the observed water level. A residual near zero signifies a close match between
the model and observed field conditions. The sign of the residual, positive or negative, is
just as important as the magnitude of the residual. Negative residuals occur where the
model-calculated water levels are higher than observed. Conversely, positive residuals
indicate that the model-calculated water levels are too low.

In discussing the quality of a model calibration, the following criteria must be
considered: (1) the average of all residuals (residual mean) should be close to zero; (2) the
variation in residuals (residual standard deviation) should be low; (3) the distribution of
residuals within the model should be random; and (4) the flow patterns predicted by the
model should match field observations. Most of these factors are subjective; however, all
must be evaluated when determining the quality of a calibration.

All criteria listed above were satisfied in the model calibration. The residual mean
(0.03 ft) was close to zero. The residual standard deviation (1.04 ft) is very low. The
residuals are fairly well distributed and ground-water flow directions match field
observations. Flow is toward the Mississippi River in all three layers with ground-water
mounding in Layer 1 at the landfill and W.G. Krummrich plant. Figures 9 through 11
illustrate the potentiometric surfaces for the three model layers in the vicinity of Site R.

A statistical analysis of residuals quantifies the match between the simulated water
levels and actual water-level measurements. The two important statistics discussed above
include the residual mean and the residual standard deviation. For good calibration, the
residual mean should be close to zero. This implies that positive residuals (areas where the
model water levels are too low) and negative residuals (model water levels are higher than
observed) are equally balanced within the model domain. In the model, the residual mean
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is 0.03 ft. In addition to a residual mean close to zero, the residual standard deviation
should be low.. The model residual standard deviation was 1.04 ft. This means that most
model residuals are in error by no more than 1.04 ft. In fact, 27 of the 69 residuals are less
than 0.5 ft. The residual standard deviation should also be much less than the total change
in head across the site. In this case, the total water-level change across the modeled area
is about 23 ft. The residual standard deviation is less than five percent of this number.
Residuals for each well are listed in Table 4.

The next test of a good calibration is the spatial distribution of residuals. There are
two ways of looking at spatial distribution. The first involves plotting the observed versus
calculated water levels. In a perfect calibration, the calculated water levels would equal the
observed water levels. The scatter of actual residuals around this perfect line is a graphical
means of evaluating spatial distribution of residuals. Such a plot is presented in Figure 12.
This plot illustrates that residuals at high and low points in the flow system have a random
error of ± 1.0 ft. That is, there is an even scatter among the residuals and the errors are
evenly distributed between high and low water levels.

The second type of spatial analysis involves plotting the residuals on a site map.
Positive or negative residuals should not cluster in any area, i.e., they should be randomly
distributed. Figures 9 through 11 show the residuals in Layers 1 through 3 for the areas near
Site R and the W.G. Krummrich plant. There are no wells and associated residuals located
outside the area displayed by Figures 9 through 11.

Residuals in Layer 1 are well distributed around Site R, however, there is minor
clustering of negative residuals around the ground-water mound located in the W.G.
Krummrich plant, and the overall distribution of residuals is slightly biased toward higher
water levels. Layer 1 also has a number of high residuals located in the landfill. This is due
to the destabilizing effect of the Mississippi River on water levels.
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5.0 TRANSENT CALIBRATION RESULTS

The steady-state calibration discussed in the previous section compared model-
calculated results to water levels measured in November 1988. This calibration represents
average base-flow conditions in the Mississippi River. In order to demonstrate that the
ground-water flow model constructed for Sauget is valid for higher water-level events as well,
a transient calibration was also performed.

The transient calibration compared model-calculated water levels to those measured
in November 1985 when the Mississippi River was at a much higher stage than in November
1988. The Mississippi River stage used in the transient calibration was 410 ft msl, compared
to a stage of 381 ft msl used in the steady-state calibration. The November 1985 water
levels are contoured in Figures 13 through 15 for the shallow, intermediate, and deep zones,
respectively.

The transient calibration differed from the steady-state calibration in that ground-
water levels in the aquifer were not at equilibrium. The Mississippi River was rising for
about 1 week prior to the ground-water level measurements. Consequently, the ground-
water levels were also still rising. To simulate these conditions, the water-level distribution
calculated by the steady-state model was used as initial conditions in the transient calibration.
Next, the Mississippi River stage was increased to 410 ft msl. This was the river stage
reached just prior to the round of ground-water level measurements. The model was then
run for 7 days and the model-calculated heads were contoured.

Only a qualitative comparison was made between model-calculated heads and
observed heads because only one round of water-level measurements (November 1985) were
available for comparison during a period when high river stage lasted for several weeks. In
an ideal transient calibration, water levels are available at numerous times for comparison
with the model results.
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The model configuration for the transient calibration was identical to the steady-state

model, with two exceptions: (1) a uniform storage coefficient was assumed in each layer (no
storage coefficient is necessary in a steady-state model), and (2) the recharge rate was
increased 10 percent because there was a significant amount of precipitation during the week
prior to the water-level measurements. The storage coefficients were adjusted during the
calibration to obtain a qualitative match between the observed and calculated water levels.
The final storage coefficients were 0.1 in Layer 1, and 0.03 in Layers 2 and 3. These storage
values are close to those obtained from pumping test analyses (0.07, 0.04 and 0.09) as
discussed in Section 2.

The final calibrated ground-water levels simulated in the transient model one week
after raising the Mississippi River level are presented in Figures 16 through 18 for model
Layers 1 through 3, respectively. Both the model-generated figures and those contoured
from observed data (Figures 22 to 24) show a reversal in ground-water flow directions near
the Mississippi River. During this time frame, ground water flowed away from the river into
the aquifer. A point of converging ground-water flow is clearly identified between the
Krummrich Plant and Site R. This reversal in gradient near the river occurs in all three
aquifer zones. In addition to the reversal in gradient, both model results and observed water
levels increased to levels above 400 ft msl between Site R and the Mississippi River.

The two methods used to calibrate the model each clearly illustrate that the
numerical ground-water Dow model accurately represents the aquifer system at Site R and
its vicinity for both high and low flow conditions.

GERAGHTY & MILLER. INC
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TaMe 1. Summary of Hydraulic Conducliviiy and Sior»|c ('.nelfkiciil Mala Available Prior to (lie June 1W2 Aquifer Teu.

Zone

Upper
(Layer 1)

Source

Slu| Tat (GAM. l«H6b)
Sluf Tat .(GAM, 1986b)
Slug Tat (GAM, 1966b)
Aquifer Tat (GAM, 1986b)
Aquifer Tat (GAM, 1986h)
Aquifer Tal (GAM, 1986b)
Aquifer Tal (GAM, l!*6b)

Well Number
or l^cilinn

GM-I
GM-2
GM-3
U 1
B-10
U-ll
H-15

DcjHli (fl)

36
44
36

10.5
35.5
25.5
45.5

Hydraulic
Conduct ivily

(ftAlay)

3.07
0.25
0.47
O.SI
17.01
5A7
3.97

Storage
Coefficient

(dimcniHMilcu)

i
0.01
O.I
O.I
-
--
-
-

4.42 0.07 Av(.

Inlermediate Aquifer TCM (19H6b) WGK rUnl 65 441.18 0.04

Deep
(Layer 3)

Aquifer Tal (GAM, 1986b) Mobil Oil Corp.
Si. CUlr County
TZN. R10W
Section 25

114 387.70 0.1

Aquifer Tal (GAM, !9H6b) Kanncy Well
Sau(et Site K

99 374.33 0.082

381.02 O.U9 Av(.

MONSANTOMODIiL KnVTAftLE.lVJYMI.il
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Table 2. Estimates of aquifer characteristics obtained through interpretation of data
from the June 1992 aquifer test, Sauget, Illinois.

Well Number

Intermediate Zone
P-5
P-9
P-10
B-24C

B-26B

Deep Zone
GM-57C

GM-56C

GM-28C

Method

Theis
Theis
Theis
Theis
Cooper-Jacob
Theis
Neuman

Hantush
Neuman
Hantush
Neuman
Hantush

Average:

r (ftvd)

38,000
22,000
22,000
34,000
32,000
32,000
29,000

31,000
30,000
16,000
24,000
31,000

28,400

K~ (ft/d)

420
240
240
380
360
360
320

340
330
170
270
350

315

s-

0.012
0.013
0.0083
0.0042
0.0045
0.0065
0.007

0.0004
0.0055
0.0013
0.016
0.0001

0.007

Transmissivity (for the combined Intermediate/Deep Zones)
Hydraulic Conductivity
Storage Coefficient (Specific Yield for Neuman Method)

MOSSAKTCXMOOEL WT\TABLE.rMf **"
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Table 3. Summary of Hydraulic Parameters used in the Monsanto Model.

Parameter
Type Zone Value Representation

Hvdraulic Conductivity
K(ft/day)
K(ft/day)
K(ft/day)
Transmissivitv
T(ftVday)
T(ftVday)
Vertical Leakance
Kv(day')
Kv(day')
Kv(day')
Kv(day')
Kv(day')
Recharge
R(ft/day)

R(fVday)
R(ft/day)

1
4
5

2
3

1
2
3
4
5

1
2
3

6.2
1.0
0.4

15,000
15,000

0.0063
1.00
1.0x10-'
0.42
0.23

0.002
0.084
0.0006

Water-table Layer (Cahokia Alluvium)
Site R (Water-Table Layer)
Mississippi River (Water-Table Layer)

Intermediate Layer (Henry Formation)
Deep Layer (Henry Formation)

Water-Table Layer/Intermediate Layer
Intermediate Layer/Deep Layer
Water-table/Intermediate Layer in the landfill area
Mississippi River/Intermediate Layer
Intermediate Layer/Deep Layer (Mississippi River)

Water-Table Layer
Mounding at the W.G. Krummrich Plant (Water-Table Layer)
Landfill Cap at Site R (Water-Table Layer)

10NSA.VTCT.MODEL WATABLtANYWllI
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Table 4.

Page 1 of 2

Comparison between observed and computed water Icvck in the steady-state
calibration. J

Well

GM-1
GM-4A
GM-4B
GM-4C
GM-5
GM-6A
GM-6B
GM-9A
GM-9B
GM-9C
GM-10A
GM-10B
GM-10C
GM-11
GM-12A
GM-12B
GM-12C
GM-15
GM-16A
GM-16B
GM-17A
GM-17B
GM-17C
GM-18A
GM-18B
GM-19B
GM-19C
GM-20A
GM-20B
GM-22A
GM-26A
GM-26B
GM-27C
GM-28B
GM-29
GM-30
GM-31C

Row

26
33
33
33
36
38
38
35
35
35
28
28
28
24
30
30
30
29
25
25
36
36
36
42
42
41
41
38
38
40
31
31
36
42
32
32
44

Column

32
22
22
22
20
24
24
29
29
29
28
28
28
30
32
32
32
30
27
27
23
23
23
21
21
17
17
18
18
16
16
16
8
10
28
31
22

Layer

1
1
2
3
1
1
2
1
2
3
1
2
3
1
1
2
3
1
1
2
1
2
3
1
2
2
3
1
2
1
1
2
3
3
1
1
3

Observed
Head
(ft above msl)

393.970
388,720
388 J 10
390.530
387.930
389.390
389.440
394.810
391.540
391.250
395.740
391.520
391.400
392J30
393.270
393.600
393.260
392.960
391.480
391.420
389.220
389.220
388.950
388J30
388.610
386.530
386.580
387.260
387.110
386.710
386.380
386.110
383.040
382.700
397.480
395.380
388.780

Computed
Head
(ft above msl)
395.077
389.829
389.493
389.492
388.705
390.439
390.124
392.909
392.427
392.426
396.468
392.023
392.009
392.929
394.804
394.465
394.464
393.918
391.800
391.468
390.255
389.936
389.935
389.171
388.855
386.498
386.497
387.388
387.072
386.691
386.443
386.127
382.213
382.531
397.467
394.289
389.080

Residual
(ft)

-1.11
-1.11
-0.983
1.04

-0.775
-1.05
-0.684
1.90
-0.887
-1.18
-0.728
-0.503
-0.609
-0.399
-1.53
-0.865
-1.20
-0.958
-0.320
-0.048
-1.03
-0.716
-0.985
-0.641
-0.245
0.03192
0.08292
-0.128
0.03819
0.01897
-0.063
-0.017
0.827
0.169
0.01282
1.09
-0.300
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Table 4.

Page 2 of 2

Comparison between observed and computed water levels in the steady-state
calibration, (continued)

Well

GM-45
GM-46
GM-54B
GM-55C
GM-56C
GM-57C
GM-58A
GM-60A
GM-60B
GM-60C
GM-61A
GM-62A
GM-62B
GM-62C
GM-63A
B-21B
B-22A
B-24A
B-24B
B-24C
B-26A
B-26B
B-27B
B-28A
B-28B
B-29A
B-31C
P-l
P-8
P-12
BK-3
WB-6

Row

30
31
44
44
40
38
44
36
36
36
43
41
41
41
42
37
37
39
39
39
41
41
44
43
43
43
37
44
40
37
30
39

Column

28
29
20
9
9
9
21
15
15
15
17
13
13
13
15
11
9
10
10
10
10
10
11
10
10
12
12
9
9
8
29
33

Layer

1
1
2
3
3
3
1
1
2
3
1
1
2
3
1
2
1
1
2
3
1
2
2
1
2
1
3
2
2
2
2
1

Observed
Head
(ft above msl)

403.040
401.520
388.390
383.260
383.490
382.910
388J40
386.010
386.020
386.080
386.810
385.420
385.420
385.440
386.170
384.250
396.300
398.110
383.170
383.270
392^00
383.200
383.800
394.320
383.280
394.090
384.880
383.000
382.730
382J30
392.130
394.240

Computed
Head
(ft above msl)
402.708
401.128
388.417
382,366
382.359
382.208
389.212
385.941
385.612
385.611
387.066
385.365
384.728
384.726
386.155
383.640
392.283
395.667
382.659
382.668
394.400
382.645
383.171
393.846
382.774
390.691
384.315
382.342
382.317
382.194
392.614
396.027

Residual
(ft)

0.332
0.392
-0.027
0.894
1.13
0.702
-0.672
0.06854
0.408
0.469
-0.256
0.05530
0.692
0.714
0.01485
0.610
4.02
2.44
OJ11
0.602
-1.90
0.555
0.629
0.474
0.506
3.40
0.565
0.658
0.413
0.336
-0.484
-1.79

MONiA-VTOkMOOEL WT1TABLEJ\NY*«III
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1. Water-Level Elevations in the Shallow Zone on June 3. 1992, Monsanto Company, Sauget,
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2. Water-Level Elevations in the Intermediate Zone on June 3. 1992, Monsanto Company,
Sauget, Illinois.

3 Water-Level Elevations in the Deep Zone on June 3, 1992, Monsanto Company, Sauget,
Illinois.

4. Mississippi River Stage at the St. Louis Station from June 15 through 19, 1992.

5 Drawdown in the Intermediate and Deep Aquifers after 550 Minutes of Pumping on June 17,
1992, Monsanto Company, Sauget, Illinois.
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FIGURES (Continued)

6. Drawdown in the Intermediate and Deep Aquifers after 1,000 Minutes of Pumping on June 18,
1992, Monsanto Company, Sauget, Illinois.

7 Time-Drawdown Curve for Well P-5 (Theis Solution).

8. Time-Drawdown Curve for Well P-9 (Theis Solution).

9. Time-Drawdown Curve for Well P-10 (Theis Solution).

10. Time-Drawdown Curve for Well P-24C (Theis Solution).

11. Time-Drawdown Curve for Well B-26B (Theis Solution).

12. Time-Drawdown Curve for Well B-24C (Cooper-Jacob Solution).

13. Time-Drawdown Curve for Well B-26B (Neuman Solution).
14 Jacob Distance-Drawdown Plots of Four Intermediate Zone Wells at 10. 100, and 500

Minutes into the Aquifer Test.

15. Time-Drawdown Curve for Well B-56C (Neuman Solution).
16 Time-Drawdown Curve for Well B-57C (Neuman Solution).

17 Time-Drawdown Curve for Well B-56C (Hantush Solution).

18 Time-Drawdown Curve for Well B-57C (Hantush Solution).

19 Time-Drawdown Curve for Well GM-28C (Hantush Solution).

20 Jacob Distance-Drawdown Plots of Three Deep Zone Wells at 10, 100, and 500 Minutes into
the Aquifer Test.

TABLES

1. Water-Level Elevations in Monitoring Wells at Sauget Site R, June 3, 1992, Monsanto
Company, Sauget, Illinois.

2. Wells Monitored During the June 1992 Aquifer Test, Sauget Site R, Monsanto Company,
Sauget, Illinois.

3 Data Used to Define the Configuration of the June 1992 Aquifer Test, Sauget. Illinois.
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TABLES (Continued)

4 Estimates of Aquifer Characteristics Obtained Through Interpretation of Observation Well
Drawdown Data From the June 1992 Aquifer Test, Sauget Site R, Monsanto Company, Sauget,
Illinois.

5. Estimate of Average Daily Ground-Water Discharge to Mississippi River, Sauget Site R,
Monsanto Company. Sauget, Illinois.
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APPENDIX G

GROUNDWATER FLOW CONDITIONS

Groundwater flow at Site R has been monitored routinely since 1983. Additional information
on groundwater flow and aquifer characteristics of the three hydrogeologic zones within the
unconsolidated aquifer was developed during RI activities in 1992. These activities included
collecting water-level measurements under static conditions and conducting an aquifer test. This
information was used to supplement previous data and to calibrate a' three-dimensional
groundwater flow model (Appendix H). Section 1 discusses groundwater flow conditions;
Section 2 provides results of the aquifer test; and Section 3 provides a discussion of groundwater
discharge calculations.

1.0 GROUNDWATER FLOW

Section l.l provides a description of groundwater flow conditions based on data collected
prior to December 1992. Section 1.2 discusses results of modeling performed to assess the
impact of the 1993 Mississippi River flood on the groundwater system.

1.1 NORMAL RIVER STAGES

As discussed in Section 2.6 of the RI Report (Historical Groundwater Use and Flow
Patterns), regional groundwater flow in the three hydrogeologic zones is to the west, towards the
Mississippi River Water levels measured on June 3, 1992 in the shallow, intermediate, and deep
zones are shown on Figures 1, 2, and 3, respectively. These data are summarized in Table 1.

Figure I shows that a groundwater mound exists in the shallow zone at Site R. The
existence of this mound has been previously documented in the RI work plan. It is apparently
due to low permeability units beneath the area that reduce drainage rates from the shallow zone
after periods of precipitation or high river stage. Groundwater flows to the east and south from
the mound, but must eventually flow west toward the river. Historical data and the groundwater
model (Appendix H) indicate that the eastern flow reaches a stagnation point (where the eastward
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flow meets the regional westward flow) which is generally between Site R and the levee. Its
exact location depends on the magnitude of the regional westward flow and river stage. At the
stagnation point, water from the shallow zone flows downward into the intermediate zone. Water
which flows south from the mound eventually turns to the west under the influence of the
regional flow patterns.

Both the easterly and southerly flow from the mound are included in' the model. The
easterly flow is included in the intermediate zone estimate of ground water discharge to the river.
Wells screened in the intermediate zone adjacent to the river encounter this flow. Shallow wells
along the river in the southern portion of Site R and in the Expanded Study Area encounter the

— southern flow.

Figures 2 and 3 show that groundwater flow in the intermediate and deep zones on June 3,
1992 was toward the river. Water-level data from well clusters screened in the intermediate and
deep zones (GM-27B and GM-27C, P-8 and GM-56C, and GM-28B and GM-28Q indicates that

• :-'! there is an upward gradient from the deep zone to the intermediate zone (Table 1). This is to
^"' be expected because these wells are adjacent to the Mississippi River, which is a major

groundwater discharge boundary. Groundwater flows from the lower portion of the aquifer up
toward the river.

During periods of high river stage, when the river rises higher than the water table, gradients
in the intermediate and deep zones are reversed. Flow in all three zones is toward the east, but
eventually reaches a stagnation point where the eastward gradient equals the westward regional
gradient. This "riverbank storage effect" can last from several days to a few weeks. The
response of all three zones to varying river stages was demonstrated in hydrographs provided in
the RJ Work Plan (Geraghty & Miller 1990).

Analytical data from the well cluster located adjacent to the flood control te'vee (GM-62A,
GM-62B, and GM-62C) indicate that there has been little, if any, transport of constituents from
Site R to the east. The concentrations of total VOCs and total SVOCs are less than 150 ug/L
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m each of these wells. These concentrations are several orders of magnitude lower than the
concentrations detected in Site R wells.

1.2 FLOOD CONDITIONS

In order to assess the impact of extreme conditions, such as those in the flood of 1993. a
scenario which simulated even worse conditions was run on the model. A flood stage of 48 ft
was assumed to last for 60 days. The flow field at the end of the 60-day period was then used
to estimate the flow velocities to the east. The actual flood crest was 49.5 ft on August I. 1993,
and river levels dropped by 10 ft (to 39.5 ft) within two weeks.

The modeling results estimate that under the extreme conditions simulated, groundwater in
the intermediate zone would travel approximately 6.5 ft/day. In the deep zone groundwater
would travel approximately 8.3 ft/day. Water levels in the shallow zone did not reach
equilibrium in the 60-day period modeled. Water-level measurements obtained from wells east
of the flood wall on July 24, 1993 (when the river stage was 46.5 ft) were used to calculate a
groundwater velocity of 0.06 ft/day in the shallow zone.

Within the actual groundwater flow environment, constituents dissolved in the groundwater
would move more slowly than the predicted groundwater velocities because various factors such
as adsorption and biodegradation can retard their movement. No retardation coefficients were
considered in the modeled scenario.

2.0 AQUIFER TEST

An aquifer test was conducted to provide site-specific hydraulic characteristics necessary to
calibrate the three-dimensional groundwater flow model for the area and to calculate
concentrations of constituents discharging to the Mississippi River for use in the risk assessment.
During June 15 through 19, 1992, a step-drawdown test, constant-rate aquifer test, and recovery
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test were conducted. The site-specific aquifer coefficients determined from this testing include
transmissivity, hydraulic conductivity, and storage coefficient.

2.1 FIELD TESTING

Prior to testing, two 6,000-gallon Calgon carbon adsorption units were delivered to the site,
set up in series, and filled with 40,000 pounds of activated carbon to treat the discharge water
on site. Piping was then installed from the well to the carbon units and from the carbon unit
discharge line to a line which was connected to the American Bottoms treatment facility. The
American Bottoms facility issued a permit for this discharge before testing was initiated.

A step-drawdown test was conducted to evaluate the optimum pumping rate for the constant-
rate aquifer test. Based on this test, a flow rate of 350 gallons per minute (gpm) was selected
for the constant-rate test. A network of 22 wells was monitored on a regular basis using three
different types of monitoring equipment. Pressure transducers were used to monitor water-level
changes in 16 monitoring wells, automatic Steven's water-level recorders were used on three
wells, and manual measurements were collected in three wells. Table 2 provides a summary of
the method used to monitor each well. The water-level measurements collected during the test
are provided in Attachment A.

During the lest, water samples were collected from the carbon unit influent, lead vessel
effluent, and final effluent after 6, 24, and 48 hours, for laboratory analysis of volatile organic
compounds (VOCs), semivolatile organic compounds (SVOCs), and herbicides. The final effluent
sample collected 24 hours into the test was also analyzed for cyanide, ammonia, metals, and
pesticides. Analysis was performed by Savannah Laboratories, Savannah. Georgia. Field
analyses of the phenol in lead vessel effluent were conducted to monitor for breakthrough.

/
At approximately 12 hours into the test, the river stage began to rise as a result of a storm

event that had occurred upriver several days earlier (Figure 4). Water levels within the wells
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began to rise in response to the river, and the cone of depression that had been established began
to diminish.

Drawdown in the intermediate and deep zones was plotted after 550 minutes of pumping to
show the effect of pumping prior to the impact of rising river stage on these zones (Figure 5).
Review of Figure 5 shows that approximately 1 ft of drawdown was induced at a distance of 100
to 150 ft from pumping well TW-1, and drawdown appeared to extend to the site boundaries.
Approximately 0.2 ft of drawdown was observed in wells along the eastern border of Site R,
approximately 0.4 ft of drawdown was observed in wells along the northern boundary, and
approximately O.I ft of drawdown was observed in wells along the southern boundary of the site.

After approximately 1000 minutes of pumping, the rising river stage reduced drawdown in
intermediate and deep zone wells, and the cone of influence decreased in size (Figure 6). Along
the southern boundary of the area of influence, water levels rose to 0.2 ft above the static level
in well GM-55C and 0.59 ft in well GM-28C. Along the northern boundary, water levels rose
to 1.2 ft above the static level. The effect of the rising river stage is less apparent in the
intermediate and deep zone wells in the vicinity of well TW-1, where drawdown data did not
change significantly (Figure 6). Eastern perimeter wells exhibited increased drawdowns at 1000
minutes and were apparently unaffected by elevated river stage. This is most likely due to their
distance from the river.

After 51 hours of pumping, the constant-rate drawdown test was completed, and recovery
measurements were collected for 4 hours. This information was used to confirm the results of
the drawdown test. Recovery water-level measurements are provided in Attachment A.

2.1 METHODS OF EVALUATION

Different types of aquifers respond to pumping in different ways. Several analytical
solutions were used to evaluate the test data, to determine whether the aquifers could be
characterized as confined or semi-confined.
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Unconfined aquifer conditions were analyzed using the non-equilibrium method of Neuman

or the methods of Theis and Cooper-Jacob with Jacob's correction for reduction in saturated
thickness. The applicability of the semi-confined (leaky) solution of aquifer conditions was
analyzed using the non-equilibrium method of Hantush, with storage in the overlying unpumped
aquifer zone.

Except for the Jacob distance-drawdown solution, all of the methods were applied with the
support of AQTESOLV, a Geraghty & Miller Modeling Group aquifer test analysis software
package. Data utilized by the Jacob distance-drawdown solution were plotted on semilog paper.

AQTESOLV is an interactive, menu driven program that provides graphical curve matching
techniques for quick and efficient analysis of aquifer test data. The option was utilized in which
the analyst interactively matches type curves to the time-drawdown data directly on the computer
screen. Data relevant to the configuration of the aquifer test are presented in Table 3.

-.,-, 2.2.1 Theis Methodr : ' .'- •' -i """ " "" ^~™"""'

If an unconfined aquifer does not exhibit a delayed water-table response, then the Theis
Method for unsteady flow in confined aquifers can be applied once the drawdown data are
corrected as follows:

s' = s - ±-2m

where S' = equivalent confined aquifer drawdown
S = observed drawdown under unconfined conditions
m = aquifer thickness (pretesting)
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Correction of drawdown data was unnecessary, however, because dewatering of the aquifer was
insignificantly small in relation to the total saturated thickness of the aquifer. The Theis type-
curve exhibited a close match with the log-log plots of drawdown versus time for the
intermediate zone wells.

2.2.2 Neuman Method

Water levels near a pumping well in unconfined aquifers often tend to decline at a slower
rate than that described by the Theis solution. Log-log plots of time-drawdown exhibit a three
phase S-shape curve due to the phenomenon of "delayed water-table response." The second
phase is characterized by gravity drainage of the pore spaces that is not instantaneous. A delay
in the release of this stored water causes the increase of drawdown to slow with time, and thus
deviate from the Theis curve (Kruseman and de Ridder 1990). Data from the three deep zone
wells corresponded to the flow regime described by the Neuman solution. The applicability of
the Neuman method to this aquifer is based on the premise that slow drainage from low
permeability zones and horizontal-to-vertical anisotropy cause a delayed yield of water released
from storage.

2.2.3 Hnnhish Method

When a well is pumped in a leaky aquifer, the well discharge comes from storage within the
aquifer, vertical leakage from stored water in the aquitard, and leakage through the aquitard from
the overlying unpumped aquifer. The leaky-confined aquifer analytical solution was also applied
to the time-drawn data from the deep zone wells because aquifer deposits in the water-table zone
beneath Site R consist of poorly sorted, fine grained material of low permeability, and drawdown
in this zone was negligible.
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2.2.4 Jacob (Pistnnce-Drnwdownl Method

Simultaneous drawdown measurements in several observation wells, each at a different
distance from the pumped well, were plotted on semilog paper to show the straight line distance-
drawdown relationship. This distance-drawdown graph was used to calculate the aquifer
transmissivity and storativity. Distance-drawdown graphs were plotted for data from groups of
intermediate and deep zone wells to determine the aquifer characteristics for those zones.

2.3 INTERPRETATION OF RESULTS

2.3.1 Water-Table Zone

Observation wells screened in the poorly sorted, fine grained material of this zone recorded
maximum drawdown ranging from 0.08 to 0 . 15 ft. This small drawdown was not sufficient to
establish drawdown behavior from natural fluctuations in water-level elevations. Thus, the
aquifer characteristics of the water-table zone were not estimated through the analysis of aquifer
test data.

2.3.2 Intermediate Zone

Time-drawdown measurements in the intermediate zone wells exhibited the characteristic
shape of the Theis type-curve (Figures 7 through 1 1 ) . The decline in measured drawdown
beginning about 800 minutes after the start of pumping indicates the recovery in water-levels
induced by aquifer recharge from the river. Table 4 presents trasmissivity values for all
observation wells that produced a sufficient drawdown response; values ranged from about 22,000
to 38,200 square feet per day (ftVday). Values of storativity calculated with the Theis method
range from 004 to 013 (Table 4). Estimates of transmissivity obtained with the Theis solution
were closely reproduced with the Cooper-Jacob (semilog) method for Well B-24C (Figure 12)
and the Neuman method for Well B-26B (Figure 13) .
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The Jacob distance-drawdown method was applied to a group of intermediate zone wells (P-
5. P-9, P-10, B-26B) at 10, 100, and 500 minutes into the aquifer test. This method yielded
inconsistent results that ranged from 24,702 ftVday to 51 ,463 ftVday (Figure 14). These estimates
were not considered to be as reliable as individual well analysis.

23.3 Deep Zone

Several minutes into the aquifer test, the increase in drawdown in the deep zone wells began
to slow and deviate from the Theis type-curve. This phenomenon, in which the drawdown curve
approaches horizontal, is characteristic of the aquifer response to delayed gravity drainage of
water released from storage (Figure 15 and 16). Calculation of transmissivities with the Neuman
solution for deep zone Wells GM-56C and GM-57C were 23,961 ftVday and 29,736 ftVday.
Under normal circumstances, the time-drawdown curve increases in slope and once again
conforms to the Theis curve. However, the water-level recovery in the observation wells induced
by recharge from the river masked the typical third phase of the Neuman curve.

The effect of leakage through an overlying confining unit on drawdown is comparable to that
of delayed drainage. Therefore, the Hantush (leaky confined) solution was used to determine if
it was the appropriate analytical model for this aquifer. The deep zone transmissivities calculated
with the Hantush method yielded one low estimate of 15 ,580 ftVday (Well GM-56C), and two
more representative estimates of 30,859 ftVday for Well GM-57C, and 3 1 . 1 62 ftVday for Well
GM-28C (Figures 17 through 19). However, the Hantush type-curve did not fit the time-
drawdown data as well as the Neuman type-curve. Although the Hantush solution yielded similar
results to the Neuman solution, its applicability to this aquifer system for analysis of the aquifer
test is not the appropriate selection. The Neuman theoretical model identifies most closely with
this aquifer system and provides the best interpretation of the time-drawdown data.

• The Jacob distance-drawdown analysis was also performed on the group of-deep zone wells
(GM-28C, GM-56C, and GM-57C) at 10, 100, and 500 minutes into the aquifer test (Figure 20).
The method yielded consistent results but the transmissivities were lower than estimates computed
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for individual time-drawdown plots. Values of transmissivity with the Jacob method ranged from
1 7 . 1 5 4 ft'/day to 22.055 ftVday. The distance-drawdown results for the intermediate and deep
zone wells were lower than individual well estimates. However, the groundwater flow model was
calibrated with transmissivity values based on the higher estimates obtained from individual well
plots. Thus, simulated remedial pumping rates will produce conservative estimates of capture
zones since they are based on values in the higher range of transmissivity estimates.

3.0 GROUNDWATER DISCHARGE CALCULATIONS

As one of the first steps of the risk assessment, a list of chemicals of concern (COC) was
selected for the groundwater at Site R. In order to complete the evaluation of risks associated
with exposure to river water affected by the ground water, predicted concentrations of the COCs
in the river were calculated. Geraghty & Miller used the groundwater model described in
Appendix H and the concentrations of the COCs in the wells to complete these calculations.

Several steps were involved in the process. First, because the rate of groundwater discharge
to the river changes with varying river stage, data were obtained from the U.S. Army Corps of
Engineers (COE) which show the daily percent frequency of occurrence for every river stage on
record in 1 -ft increments, i.e., the percent of days in a given period that each river stage occurred.
The data included the 130-year period from January 1861 to December 1991.

Using these data, a range of river stages was selected for the discharge calculations. The
lower limit of this range was 374 ft above mean sea level (msl), the lowest river stage on record.
The upper limit of the range was 410 ft above msl. Groundwater level data and the model
indicate that the hydraulic gradient in the aquifer reverses above this level, so there would be no
discharge to the river These river stages and their frequency of occurrence are shown in
columns 1 and 2 of Table 5.

The model was used to predict the groundwater discharge to the river at each river stage in
the range A separate calculation was done for each of the three hydrogeologic zones (Columns
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3. 5, and 7 of Table 5). These predicted discharge rates at each river stage were then multiplied
by the frequency of occurrence for that stage. These products (columns 4. 6. and 8 of Table 5)
were summed to obtain a weighted average daily discharge for each aquifer zone. This represents
the average volume of ground water which flows into the river each day from each aquifer rone
along the entire length of the landfill (2.000 ft). In the next step, the length of the river frontage
was divided into segments. Each hydrogeologic zone was treated separately and was divided into
one segment for each well screened in that zone. The percent of river frontage represented by
each well segment was multiplied by the average daily discharge for that aquifer zone and then
by the concentration in that well of each COC These products were summed to obtain a
weighted average daily loading of each COC to the river for each aquifer zone. These were then
summed across the three zones to obtain a total average daily loading to the river for each COC.

To obtain the predicted concentration of each COC in the river, these daily loadings will be
divided by the flow rate in the river. Both average exposure and reasonable maximum exposure
(RME) scenarios will be considered in the risk assessment. Calculations of the river
concentrations of each COC will be shown in the risk assessment.

The discharge across all zones for all river stages was summed in Column 9 of Table 5.
This number (795,000 gallons/day) will be used for calculating percent dilution in the evaluation
of aquatic hazard indices in the risk assessment).
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Table I Water-Level Elevations in Monitoring Wefts at Sauget Site R. June 3, 1992, Monsanto Company. Sauget. Illinois.

WellNo
Shallow Wells
B-21A
B-22A
B-24A
B-2SA
B-26A
B-2BA
B-29A
B-31B
P-6P-7
P-M
GM-62A
GM-65A
GM-66A
Intermediate Wells
GM-27B
GM-28B
B-21B
B-22B
8-23B
8-24BB-24C
B-2SB
B-26B
B-27B
B-28B
B-29B
B-308
B-31C
P-l
P-2
P-3
P-4
P-5
P-8
P-9
P-IO
P- 1 1
P-12
P- 13
GM-62B
GM-668
TW-1
Qeeo Wells
GM-27C
GM-28C
GM-SSC
GM-S6C
GM-57C
GM-62CGM-66C
Bedrock Wells
CM- 106
B-102

Measuring Poml
Elevation (1)

428.53
428.16
422.49
428.47
423.71
423.04
429.03
421.68
421.78
421.82"
424.36
425.7S
424.11422.73

426.04
423.88
428.37428.16426.17
422.28
422.52
427.35
423.62
42S.83
423.08
429.06
430.52
421.88
42311
42315
423.43
421.82
422.12
421.79
423.14
423.43
422.30
423.75
424.32
426.16
423.20
423.14

426.76
423.78
422.88
422.16424.02
427.03
423.46

424.82
42384

Depth to
Water (2)

29.93
28.79
22.17
30.95
26.37
25.25
31.97
28.45
24.92
22.9624.93
31.99
32.66
2779

36.63
341536.1237.5533.97
31.70
32.02
34.84
33.29
34.2632.55
36.69
3802
28.70
33.18
33.26
33.27
31.70
32.3132.02
33.38
33.19
32.68
34.45
34.90
32.42
34 OS
32.47

36.60
33.98
32.32
31 16
34.06
3330
34.37

29.73
3 1 7 4

Water Level
Elevation (1)

398.60
39937
400.32
397.52397.34
397.79
397.06
393.23
396.86
398.86
39943
393.76391.45
394.94

389.41
389.73392.25
390.61
394.20390.58
390.50
392.51390.33391.57
390.53
392.37
392.50
393.18
389.93
389.89
390.16
390.12
38981
389.77
389.76
390.24
389.62
389.30
389.42
393.74
389.15
390.67

390.16
389.60
390.56391.00
389.96393.73
389.09

395.09
392.10

(1) Elevation in feet above mean sea level.(2) Depth to water in feet below measuring point.
The water-level for Wel B-21A may be representative of a water level in the 2-ft section of blank casing at the bonom'of-the well, and not
representative of the water table zone This water level was not used in the groundwater model.
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Table 2. Wells Monitored During the June 1992 Aquifer Test, Sauget Site R, Monsanto
Company, Sauget, Illinois.

Well Number

Water-Table Zone
P-7
B-24A
B-25A
B-26A
Intermediate Zone
P-5
P-8
P-9
P-10
B-24C
B-25B
B-26B
B-30B
B-31C
GM-27B
GM-28B
Test Well 1
Deep Zone
GM-27C
GM-28C
GM-55C
GM-56C
GM-57C
Bedrock Zone
GM-106

Pressure
Transducer

X
X
X
X

X
X*
X
X
X*
X
X*
-
-
-
X
X

X
-
X*
X

Stevcns Manual
Recorder Measurement

-
- m

-

-
-
-
-
-
-

X
X

X
-
-

X
-

X
-

• . ' -

X
* Backup transducer was installed
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Tabte 3. Data Used to Define the Configuration of the June 1992 Aquifer Test. Sauget. Illinois.

Wefl
Number

B-24A
B-25A

B-26A

P-7

B-24C
P-10
P-9
B-25B
P-S
B-26B
GM-28B

P-8
TW-1*

GM-57C

GM-28C

GM-S6C

Distance From
Pumped Wd to
Observation We«

Water-Tafate Zone

1 18

S25

355
102

Intermediate Zoo*
1 18
143

104

625

272

433

772

112
0

Deep Zone
368

772
150

Mjoomurn
Drawdown

.08

.07

.15
.05

.90
.97
.99

.33
.36

.46

XL

-

54.8

.77

.21
1.21

Saturated
Thickness

90

90

SO

90

90

90

90

90

90

90

90

90

90

90

90

90

Wel
Depth

27.S
35.2
33.2
33

69

54

50
49.5
54.5

49.8

93

53.5

108

1 16

107

1 1 1

Depth From
Static Water
Level to Top
of Screen

0
0

. 0

77

22.9
11 .4

7.7
0.6
13.3

2.4

34.4

12.5
41 .5

60

51
SB.1

Depth From
Static Water

Level to Bottom
of Screen

2.S
1.7
3.8

7.7

32.9
16.4

12.7
10.8
18.3
12.4

54.4

17.S
73.5

80

71

78.1

- Not reported due to problems with pressure transducer.
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Table 4. Estimates of Aquifer Characteristics Obtained Through Interpretation of Observation Wd Drawdown Data From the
June 1992 Aquifer Test, Sauget Site R. Monsanto Company. Sauget, Ilinois.

We* Number

In!
P-5
P-9
P-10
B-24C

B-26B

GM-57C

GM-56C

GM-28C
Dislano

Intermediate Wete
10 minutes
100 minutes
500 minutes
Deep Wete
10 minutes
100 minutes
500 minutes

Method

IcrmtfQiatt Zone

Thai*

Theis

Theis
Then

Theis
Neuman

Deep Zone

Hantush
Neuman
Hantush
Neuman
Hantush

•-Drawdown Evaluation

Jacob

Jacob

Aquifer Test

1 In r nnfin • AunconnneQ

Unconfined

Unconfined
Unconfined
Unconfined
Unconfined
Unconfifwd

Laaky
Unconfined

Leaky
Unconfined

Leaky

Unconfined

Unconfined

—— Transmissivty —— -Hydnuic Conductlvty-
R^Min Ft?0ay Ft/Day

26.56
1S78
15.19
23.8
22.53

2272
20.3

21.43
20.65

10.82
16.64

21.64

35.74
23.8
177

15.32
1261
11 .91

38.232
22.003
21.874

34772
32.443
31.996
29732

30.859
29.736

15.580
23.961

31.162

51.463
34.309
24.702

22.065
18.163
17.154

425

244

243

381
360

356
325

343
330

173
266

346

572
381
274

245
202
191

Storage Coefficient

.012
.0134

.0083

.O042

.0045

.0065
.007 (Sy)

.0004
.0055 (Sy)

.0013
.016{Sy)

.0001

.0055

.0025
.0146

.0006
.0028
.0104

TRANSHYDJCLS GERAGHTY & MILLER. INC.
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1
RJver-Suc«
Eleven
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374
37$
376
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3(0
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1*1
1*3
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115
1*6
1*7
MS
1*9

190
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191
191
194
195
196
197
191
199

400
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402
401
404
405
406
407
40(
409
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Wc^Av^
D.ilyDacfc-^

2
Frequency of
Oonranc
C*rf*rt

01
as
u
12
2J
1

Jl
1»
46
4.2
4.9
49
SJ
43
4.4
4.1

4.1
3^5
1.5
U
1.6
17
19
xs
11
XI

I.I
M
1.1
1.4
t.l
1 1
a9
09
I.I
0.9

01

M.3

1

Q
Sfello.

0.00034
0000)7
00005

0.00063
0.00076
0.000*9

0.00103
0.00109
0.00116
0.00114
00011 1
00013*
0.00143
0.00145
000149
0.00153

0.00156
00015*
0.00159
0.00161
0.00163
000164
0.00164
0.00164
0.00164
0.00164

000164
0.00163
000161
0.0016
0.00151
000157
OOOI54
0001)1
0.00149
000147

0.00144

4

o»%
SteDaw

00000004*
0.00000115
0.0000075
0000013*6
000001741
0 OOOQStfT

000003*76
0.00004351
0.00005136
00000520*
a 000064IJ
0.00006761
0.0000711
0.00006525
0.00006556
040006232

0.00006)96
0.0000511
0.000055*5
0.00005435
0.00005*32
000004411
0.00004756

0.000041
0.0000360*
0.00003444

0.00003952
0.00002914
0.0000209)
0.0000234
0.00001731
0.0000 ISS4
0.000011*6
000001 Ml
0000016)9
OOOOOI323

000001151

o.ooi lira
(SMtow)

5

q
harmful.

06496
0.634
0.61*4
0602*
0.5*72
0.5716

0.556
05406
0.5252
0.5091
04944
0.479
0.4631
0.44*6
0.4334
0.41(2

0.401
01*71
0.3716
0.1574
OJ422
01337
0.3116
02962
aim
0.2654

ai5
0.2)5
ais

OL205
ai9

0175
01603
01454
0.1306
0.115*

0.101

6

QxX
l̂ nneduu

0.0012972
0.00117
0.009376

0.0132616
00115056
0.017141

a 021 121
0.0110*14
00141591
0.01141 16
00142256
002)471
0025509
0.0201*7

00190696
0.0171462

0.016521
0011571
0.01)041
0.012509
0.0111191
000*129

0.0090364
0.007405
0.0061776
0.0055714

0.0045
000423
00031*
0.001*7
0.00309
0.0021

0001 *41 1
0001)0*6
00014)66
0.0010412

aoooio*

0.404724*
(IncenrxduU)

7

Q
D-P

0.6221
0.60*
0.5933
057*4
0.5636
0.5411

D.514
0.5194
0.504*
04903
04756
0461
04461
0.4114
0.4166
04011

01(7
01714
0.1571
0.34)3
0.12*6
0) 14
0.2991
0.2*44
0.2696
0.2541

0.14
02256
0.2112
01961
0.1(24
0161
015)7
0.1)94
01151
01 10 *

0.0965

1

Q»%
Deep

0.0012456
0.00304
o.oom«
0012724*
0.0129621
0.016464

0.020293
00302566
002)220*
0.0205M4
0.02)1044
0.0225*9
0.014541
0.01941)
0.01*3104
00164711

0015*67
0.01)034
0.012523
001101]
0.011*396
0.00*47*
0.00(6761
0.00711

00019)12
0005)50*

0.00432
0.004060*
00027456
0.0037552
0.0020064
0.003016
0001)1))
00012546
0001)761
00009973

0.000771

• .0.1888441
(Dec?)

9

Toul
0**

000254511
0 00611 1*5
OOI I I I 15

002600026
0 02641)11
0.0114317

004145176
0041)1251
004741)36
004205201
004759419
0.04612762
0.050 1211

0.03966525
0.0)746556
001)612)1

0.0)145)96
0.0166613

002561965
0024577)5
002420712
0017)5121
001776076

0.014S56
0012144*1
001095164

0001*4952
000*13014
00056265)
0.0056476
0.00411)71
00041)4(4
000211(96
0003576**
O.OOI 129O9
00020516]

0001 591 5Z

0.7S432KS
fToul)
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U_KHAGH'JT_ & _MILL 1 .5R
Pro j e c t N o . : NYG4r207

(jU«*.iil:^ MOMSA t fTO
Locat ion: SAUGI3T, IL LI HO IS

P-5

10. r 1 I I I Mi l l i^ I I 11 III

1.

o•d 0.1

0.01

0.001

nun I i i Mi

I /I I 1J1I1 I I I I I l l l l I I I I Hill I 1 I I U1. 10. 100. 1000.
Time (mln)

10000.

DATA SET:
P-S.AQT
07/OP/92

AQUIFER TYPE:
Unconfined
SOLUTION METHUl):
TMclo
TEST HATE:
JUNE 17. 199,">
TEST WELL:
TM-l
UBS. WELL:
p-5

KSTIMAI 'EU f'AHAHI: 1 1 -Hr- :
T - P.O.53 ft*Vmln
S - 0 .0 1 17 f >

TEST PA FA:
o " i«.;.R fi> « r??;=. f
i. - ?iu. ft

_Fj_g_u_re 7



GEHAGHTY & MILLER
Pro j e c t No. : NY64207

Client: MONSANTO
Location: SAUGET, ILLINOIS

P-9

100.

10.

1.

= i i i mill i i i mill i i i urm i i i mill n i in

o•dtatt*Q
0.1

0.01 =-

0.001 t i n
0.1

Timr

i i i mill i i i mill i i ii iiii
10. 100. 1000. 10000.
Time (min)

DATA SET:
p-9.aqt
07/01/92
AQUIFER TYPE:
Unconfined
SOLUTION METHOD:
Thai*
TEST DATE:
JUNE 17. 1992
TEST WELL:
TM-l
DBS. WELL:
P-9

ESTIMATED PARAMETERS:
T - 1 5 . 2 8 fta/mln
S - 0.01342

TEST DATA:
Q - 46.8 rt3/mln
r - 104. ft
b - 90. ft

Figure 8



GERAGHTY & MILLER
Projec t No . : NY64207

Client: MONSANTO
Location: SAUGET, ILLINOIS

P-10

10. f=

0.001 1. 10. 100. 1000.
Time (min)

10000.

DATA SET:
p-lO.aqt
07/01/92

AQUIFER TYPE:
Unconf Inad
SOLUTION METHOD:

TEST DATE:
JUNE 17. 1992
TEST WELL:
TM-l
OBS. WELL:
p-io
ESTIMATED PARAMETERS:
T - 16 . 19 ft2/»ln
S - 0.008326

TEST DATA:
Q - 46.8 ft3/mln
r - 1X3. ft
b - 90. ft

Figure 9



G & M
Project No . : NY64207

Client: MONSANTO
Location: SAUGET, ILLINOIS

B-24C

dIto•o

100. ET-T

10.

1.

0.1

0.01

0.001 0.1

IITTTTII 11 I mill I MII IM I 1 1 1 1 1 ( 1 1 I I I 111:

i i i null i i i null i i nHII
1. 10. 100. 1000. 10000.

Time (min)

DATA SET:
B-24C.AQT
07/08/92

AQUIFER TYPE:
Unconfined
SOLUTION METHOD:
Thais
TEST DATE:
JUNE 17. 1992
TEST WELL:
TM-l
DBS. WELL:
B-24C

ESTIMATED PARAMETERS:
T - 23.B fta/mln
S - 0.004155

TEST DATA:
0 - 46.8 ft3/mln
r - 118. ft
re - 0.5 ft
rw - 0.5 ft
D - 90. ft

Figure 10

c



GERAGHTY & MILLER Client: MONSANTO
Pro j e c t N o . : NY64207 Location: SAUGET, ILLINOIS

B-26B

1000.

100.

10.
<~\.*»«*>«*fl 1-*o•o* 0.1*bQ

0.01

0.001

= i ii unn i ii mill i niinn i IMIII I I i 1 1 1 1 1 1 1 1 i i i inui i 1 1 1 1 9

w —

0.0001 ————————————————————————————————0.001 0.01 0.1 1 . 10. 100. 1000.10000.
Time (mln)

DATA SET:
B-26B.AQT
07/OB/92

AQUIFER TYPE:
Unconf Inad
SOLUTION METHOD:
Thai a
TEST DATE:
JUNE 17. 1993
TEST WELL:
TM-l
DBS. WELL:
B-26B

ESTIMATED PARAMETERS:
T - 22.22 ft2/mln
S - 0.006535

TEST DATA:
Q - 46.8 ft3/raln
r - 433. ft
PC - 0.5 ft
rw - 0.5 ft
b - 90. ft

Figure 11



G & M Client: MONSANTO
Pro j e c t No . : NY64207 Location: SAUGET, ILLINOIS

B-24C

= 111 nun i i i inn i i 1 1 i mI Mil I I I HUM I I I

i ' i "nil i i mini \ i i iniii ;i i
0.1 10. 100. 1000. 10000.

Time (min)

DATA SET:
B-24C.AOT
07/08/92

AQUIFER TYPE:
Unconflned
SOLUTION METHOD:
Cooper-Jacob
TEST DATE:
JUNE 17. 1992
TEST WELL:
TH-l
OBS. WELL:
B-24C

ESTIMATED PARAMETERS:
T • 22.S3 ft2/win
S - 0.004504

TEST DATA:
Q - 46.8 ft3/min
r - 11B. ft
re - 0.5 ft
rw - 0.5 ft
b - 90. ft

Figure 12



MILLER
Project No. : NY64207

Client: MONSANTO
Location: SAUGET, ILLINOIS

d
o•at<a
toQ

1000.

100.

10.

1.
0.1

0.01

0.001

= iirniM| i iIIIIIB i 1 1 1 1 1 1 1 1 i iiiinu i rnnm nniiHj i inn

0.0001

B-26B

i n i l i 11 mill i iiimii i 11 null ii i iuiil iniiiiil i l i u m
0.001 0.01 0.1 1. 10. 100. 1000.10000.

Time (min)

DATA SET:
b-26t).iqt
07/01/92

AQUIFER TYPE:
UnconfInwd
SOLUTION METHOD:
Nauman
TEST DATE:
JUNE 17. 1993
TEST WELL:
TW-l
DBS. WELL:
B-26B

ESTIMATED PARAMETERS:
T - 20.3 fta/wln
S - 6.8199E-06
Sy - 0.007037
p - O.B

TEST DATA:
Q - 46 .8 ft3/min
r - 433. ft
re - O.S ft
rw - 0.5 ft
1> • £»'.>. ft
TEST HEI.I.:
t . o . n . - 4 1 . G f t
h .o .n . - 73.5 ft
UL'S. H0.L:
t . o . n . •• ?..* ft
h . o . n . - 12 .4 ft Figure 13
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DRAWDOWN AT 10 MINUTES

Traraminrvity - SI463 rt2/<taySlorativfty - .00546
100 1000

DRAWDOWN AT 100 MINUTES

Tran»mi»FVTty - 34309 ft /dayStortrtMty = .00248
100 1000

DRAWDOWN AT 500 MINUTES

Tronsmissivity - 24702 ft /dayStorativTty = .0146
NOTE

-f Denotes Wall B-25B 003 indud«don plot
100 D I S T A N C E ( T E E T ) 1000

|

GERAGHTY^ MILLER, INC.
/VivtrOTiTrvrrvtoJ Sennets

JACOB DISTANCE-DRAWDOWN PLOTS OF
FOUR INTERMEDIATE ZONE WELLS AT ia, 1OO,

AND 500 MINUTES INTO THE AQUIFER TEST
MONSANTO COMPANY

SAUGCT. ILLINOIS

FIGURE
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GERAGHTY & MILLER
Pro j e c t No. : NY64307

Client : MONSANTO
Location: SAUGET, ILLINOIS

GM-56C

100. = i 1 1 mill i 1 1 nun i 1 1 mill i 1 1 uiiri i 1 1 ma

mm i i i nun i i i nun i i mini i i inni i0.0010.1 1 . 10. 100. 1000. 10000.
Time (min)

DATA SET:
GH-56C.AQT
06/29/92

AQUIFER TYPE:
Unconfload
SOLUTION METHOD:
Nauman
TEST DATE:
JUNE 17. 1902
TEST WELL:
TM-l
DBS. WELL:
GK-EBC

ESTIMATED PARAMETERS:
T - 16.64 ft2/«ln
S - 0.001341
Sy - 0.01647

- 0.03

TEST DATA:
0 - 46.B ft3/mln
r - 150.5 ft
re - 0.5 ft
rw - 0.5 ft
b - 90. ft
TEST HELL:
t . o . o . - 41.5 ft
b . o . B . - 73.B ft
DBS. WELL'
b . o . a . - 15



GERAGHTY & MILLER
Pro jec t No. : NY64E07

Cl lent: MONSANTO
Location: SAUGET, ILLINOIS

GM-57C

dIto•aIt

100.

10.

1.

0.1

0.01 —

= r rmniT i^i riTiii i r r nTm 1^1 niiin i i i I I IH

0.001

IIT i^i riTiii

i i mill i i i mill i i i mill i i i mm i i i [UtU
0.1 1. 10. 100. 1000. 10000.

Time (min)

DATA SET:
gm-57c.aqt
07/01/92

AQUIFER TYPE:
Unconfinad
SOLUTION METHOD:
Ntunian
TEST DATE:
JUNE 17. 1992
TEST WELL:
TM-l
OBS. WELL:
GH-57C

ESTIMATED PARAMETERS:
T - 20.65 fta/mln
S - 0.0005388
Sy - O.OOSS17p - o.i
TEST DATA:
o'- 4G.8 ft3/mln
r - 3G8. ft
re - 0.6 ft
rw - 0.5 ft
h - 90. ft I
TEST WELL: i
t . o . B . - 4 1 . 5 ft I
b . o . B . - 73.5 ft f
OBS. HELL: !
I:":':S:"n "Figure 16



GERAGHTY & MILLER Client: MONSANTO
Project No . : NY64207 Location: SAUGET, ILLINOIS

GM-56C

o•a

100.

10.

1.

0.1

0.01

= I I Il l l l l I I II lUll I Ml l l l l l I I I I I W I I MI I IB

0.001 i i i mill i i Miml i i mini i iimiil i I nun
0.1 1. 10. 100. 1000. 10000.

Time (min)

DATA SET:
gm-56c.Bqt
06/25/92

AQUIFER TYPE:
Leaky
SOLUTION METHOD:
Hantuah
TEST DATE:
JUNE 17. 1992
TEST WELL:
TH-l
DBS. WELL:
BM-S6C

ESTIMATED PARAMETERS:
T - 10.82 ft2/min
S - 0.001283

- 0.0001

TEST DATA:
0 - 46.B ft3/»ln
r - 135. ft
re - 0.5 ft
rw " 0.5 ft
b - 90. ft
TEST WELL:
t .o . e . - 41 .5 ft
b . o .B . - 73.5 ft
DBS. HELL:
t .O . n . - 59. 1 ft
tr.OTBT «-7B:Tft Figure 17



GERAGHTY & MILLER
Pro je c t No . : NY64207

Client: MONSANTO
Location: SAUGET, ILLINOIS

GM-57C

100.

10.

^^^ 1̂.d
o•o
« 0.1
p

0.01

= i i 11 mil i i i mm i i 11 iin i M Him i inn

0.0010.1 1. 10. 100. 1000. 10000.
Time (min)

DATA SET:
0m-57c.aqt
07/01/92
AQUIFER TYPE:
Leaky
SOLUTION METHOD:
Hantush
TEST DATE:
JUNE 17. 1982
TEST WELL:
TH-1
DBS. WELL:
GM-57C

ESTIMATED PARAMETERS:
T - a i .43 ft2/mln
S - 0.0004317p - o.oooi
TEST DATA:
a - 46.H ft3/mln
r'- 368. ft
re - 0.5 ft

• - 0.5 ft
b - 90. ft
TEST HELU
t . o . a . - 4 1 .5 ft
b . o .8 . - 73.5 ft
DBS. HELL:
t . o . n . - 60. ft

Figure 18



GERAGHTY & MILLER
Project No . : NY64B07

Client: MONSANTO
Location: SAUGET, ILLINOIS

GM-28C

o
•0
4t*O

1000.

100.

10.

1.
0.1

0.01

• 0.001

= I FTUM

0.0001

I I Illlm TTniim Illllllll Illlllin Mil l s

Liniinl iiiiiiul i/miiiil i imini i iiiniil i iiiniil i i illlli
0.001 0.01 0.1 1. 10. 100. 1000.10000.

Time (min)

DATA SET:
gm-28c.aqt
07/01/92
AQUIFER TYPE:

SOLUTION METHOD:
Hantuah
TEST DATE:
JUNE 17. 1992
TEST WELL:
TH-l
DBS. WELL:
GM-2BC

ESTIMATED PARAMETERS:
T - 21 .64 ft2/mln
S - 0.0001029
P "
TEST DATA:
0 - -46.8 ft3/mln
r - 772. ft
re - O.B ft
PW - 0.5 ft
b - 90. ft
TEST WELL:
t . O . n . - 4 1 . 5 f t
b . o . s . - 73.5 ft
OBS. HELL-
t .o.o. - 01. ft
b . o . o . - 71. ft Figure 19



s
i

o1

gUJ5

oz

2*
O
a
*

DRAWDOWN AT 10 MINUTES

Tron«mi»»ivity - 22055Stonrtivfty - .00051
100 1000

DRAWDOWN AT 100 MINUTES

Tron«miMivity - 18163 ft /dayStonrtivtty - .00283

DRAWDOWN AT 500 MINLTTES

Tran«mi««ivTty - 17154Storativity - .01035

10OO
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GERAGHTY& MILLER, INC.
•ffnvirtmmmfaZ Services

JACOB DISTANCE-DRAWDOWN PLOTS OF
THREE DEEP ZONE WELLS AT 10, 100, AND

500 MINUTES INTO THE AQUIFER TEST
MONSANTO COMPANY

SAUGET. ILLINOIS

FIGURE

20



RI/FS Support Sampling Plan
Sauget Area 2 Sites, Sauget, IL
May 7,2001

Appendix 4
Groundwater Model

(Geraghty& Miller, 1994)
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Circular 180

I
Ground-Water Levels and Pumpage

in the Metro-East Area, Illinois,
1986-1990

by
Richard J. Schicht and Andrew G. Buck

I

I

I

Title: Ground-Water Levels and Pumpage in the Metro-East Area, Illinois, 1986- 1990
Abstract: This report discusses ground-water levels and pumpage in the Metro-East area just south of Alton,
Illinois, to Dupo, Illinois, and between the Mississippi River and the river bluffs from 1986-1990. Large quantities
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GROUND-WATER LEVELS AND PUMPAGE
IN THE METRO-EAST AREA, ILLINOIS,

1986-1990

by Richard J. Schicht and Andrew G. Buck

ABSTRACT

This report discusses ground-water levels and pumpage in the Metro-
East area just south of Alton, Illinois, to Dupo, Illinois, and between the
Mississippi River and the river bluffs from 1986-1990. Large quantities of
ground water, primarily for industrial and municipal use, are withdrawn
from wells penetrating a sand-and-gravel aquifer along the valley lowlands
of the Mississippi River.

Ground-water pumpage declined from 62.8 million gallons per day
~. (mgd) in 1986 to 58.7 mgd in 1990. Of the total 1990 pumpage, 76.2 percent

(or 44.7 mgd) was industrial; 20.8 percent (or 12.2 mgd) was for public
water supplies; 2.0 percent (or 1.2 mgd) was for irrigation; and 1.0 percent
(or 0.6 mgd) was for domestic use. Pumpage in the Metro-East area is con-
centrated at five major pumping centers (Alton, Wood River, Roxana,
National City, and Granite City) and four minor pumping centers (Poag,
Glen Carbon, Collinsville, and Venice). Pumpage in the Sauget (Monsanto)

I area, once considered a minor pumping center (Kohlhase, 1987), was neg-
ligible in 1990 because of declining industrial use.

Ground-water levels throughout the entire area were stable but ele-
vated during 1986 and 1987. Water levels declined from 1988 to 1989
and increased in 1990. Factors contributing to this pattern were above-
normal precipitation, the Midwestern drought of 1988-1989, changes in
river stages, and the response of water levels to annual pumpage changes.



INTRODUCTION
•'$ihPrevious Illinois State Water Survey (ISWS) reports have referred to the area from just south of C«£r

Alton, Illinois, to Dupo, Illinois, and between the Mississippi River and the river bluffs (figure 1) as
the East St. Louis area. Starting with this report, however, the area will be referred to as the Metro-East
area, a more common description of the area by local and regional planning agencies. The ground-water
resources of a sand-and-gravel aquifer underlying the area, one of the most heavily populated and
industrialized areas in Illinois, have been developed extensively. It is estimated that during 1990, 58.7
mgd were withdrawn, primarily for industrial and municipal use.

A period of intensive data collection was initiated in 1941 after local industries observed alarming
water-level recessions, culminating in ISWS Report of Investigation 51 (Schicht, 1965). The report
describes in detail the ground-water resources of the area. Several previous reports have summarized I
water levels and pumpage in the area, which aided in the preparation of Report of Investigation 51
(Bruin and Smith, 1953; Schicht and Jones, 1962). Ground-water geology of the area had been
described previously by the Illinois State Geological Survey (Bergstrom and Walker, 1956). I

Report of Investigation 51 included an estimate of the aquifer yield of the sand-and-gravel aquifer
based on a pumping center configuration described in the same report. This yield ( 188 mgd) was never
realized due to the area's general economic decline and shifts in pumpage to the Mississippi River.

Data collection was originally continued to validate the predictions of Report of Investigation 51
and to delineate problem areas and now monitors the effects of rising ground-water levels and shifts in
pumpage. Additional data will also be useful in calibrating and revising the digital computer ground- •
water model developed by Ritchey, Schicht, and Weiss (1984). In recent years, Water Survey staff have •
conducted studies related to ground-water contamination, and continued data collection at the scale
described in this report is a valuable supplement to data collected for these contamination studies.

With the completion of the Mel Price Lock and Dam located 1.6 miles down river from the old lock
and dam at Alton, it is important to continue monitoring water levels and pumpage just south of Alton I
to determine the effects, if any, on water levels in the area. Previous summaries of pumpage and water )
levels have been published (Reitz, 1968; Baker, 1972; Emmons, 1979; Collins and Richards, 1986;
Kohlhase, 1987) . This report summarizes water-level and pumpage data collected from 1986-1990.
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GEOLOGY AND HYDROLOGY
Large supplies of ground water, mainly for industrial use, are withdrawn from wells finished in the

permeable sand-and-gravel deposits in the unconsolidated valley fill in the Metro-East area. According to
Bergstrom and Walker (1956), the valley fill is composed of recent alluvium and glacial valley-train material
underlain by Mississippian and Pennsylvanian rocks of low permeability. Because of the bedrock's low
permeability and poor water quality with depth, it is not an important aquifer in the area.

The valley fill averages 120 feet in thickness. The thickness is greatest, 170 feet, near the city of Wood
River. Near the bluffs there are bedrock outcrops. Generally, the thickness of the valley fill is greatest and
exceeds the average in places near the center of a buried bedrock valley that longitudinally bisects the area,
as shown in figure 2. The valley fill becomes progressively coarser with depth, and the coarsest deposits most
favorable for development are commonly encountered near bedrock and often average between 30 and 40
feet in thickness.

Ground water in the valley fill occurs under leaky artesian and water-table conditions. Because ground
water occurs under leaky artesian conditions in most places, the surface to which water rises in wells is
referred to as the potentiometric surface in this report.

Recharge within the Metro-East area is from precipitation, infiltration of surface water from the
Mississippi River and lesser water bodies in the area, and subsurface flow from the bluffs bordering the area.
A fraction of the annual precipitation seeps downward through surface materials and into the valley fill
material. Recharge by the river and other water bodies in the area occurs where the potentiometric surface
elevation is lower than surface water elevations. Pumping centers adjacent to the river maintain ground-water
levels well below the river stage, inducing large quantities of river water into these pumping centers.
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PUMPAGE FROM WELLS
The first significant withdrawal of ground water in the Metro-East area started in the late 1890s.

Estimated pumpage from wells increased from 2.1 mgd in 1900 to 1 1 1 .0 mgd in 1956, as shown in figure
3. Pumpage declined sharply to 92 mgd in 1958 and then increased to 1 10.0 mgd in 1964. After 1966,
pumpage declined steadily to 54.4 mgd in 1981 . By 1990, pumpage had increased slightly to 58.7 mgd.
Pumpage would have been significantly less had it not been for dewatering wells maintained by the
Illinois Department of Transportation (IDOT) along roadways in the area to prevent water levels from
rising above the road surface. Withdrawals for dewatering began in 1963, and an estimated 1 1 .2 mgd
was pumped from dewatering wells during 1990. Figure 1 shows locations of dewatering sites, and more
recent information on these dewatering sites is available (Sanderson and Olson, 1993).

Within this report pumpage data are classified according to four categories: 1) public, including
municipal and institutional; 2) industrial, including dewatering; 3) domestic, including rural farm
nonirrigation and rural nonfarm; and 4) irrigation, including farms, golf courses, and cemeteries. Most
water-supply systems furnish water for multiple uses. A public supply commonly includes water used
for drinking and other domestic uses, manufacturing processes, and lawn sprinkling. Industrial supplies
may also be used in part for drinking and other domestic uses. No attempt has been made to determine
the final use of water within the public and domestic categories; for example, any water pumped by a
municipality is called a public supply, regardless of the use of the water. However, the final use of the
water within the industrial category has been determined in part, and any water pumped by an industry
and furnished to a municipality is included in the public category.

120

0
1890 1900 19 10 1920 1930 1940 1950 1960 1970

YEAR
1980 1990

Figure 3. Estimated pumpage, 1890-1990
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Pumpage, 1986-1990

Table 1 shows total pumpage, including all water use categories for the period 1986-1990. Total
pumpage declined from 62.8 mgd in 1986 to 58.7 mgd in 1990. Distribution of 1990 pumpage is as
follows: public supply systems (20.8 percent or 12.2 mgd), industrial pumpage (76.2 percent or 44.7
mgd), domestic pumpage ( 1 .0 percent or 0.6 mgd), and irrigation pumpage (2.0 percent or 1.2 mgd).

Public Supplies. Municipal and institutional uses are included in public supplies. Pumpage for
institutional use in the area has been negligible, however. Figure 4 shows the estimated pumpage for
public supplies, which averaged 12.2 mgd for each year except 1988 when it was 13 .3 mgd.

Pumpage of public supplies reflects seasonal variations to some extent. For example, municipal
pumpage is generally 25 to 30 percent higher during the summer months than during the winter months
because of lawn sprinkling, car washing, and other summer use of water.

Industrial Supplies. The major industrial users of ground water in the Metro-East area include oil
refineries, chemical plants, ore refineries, meat packing plants, and steel plants. With its system of
dewatering wells, IDOT is a major industrial user. Most industries do not meter their pumpage, and
pumpage estimates are typically based on the number of hours the pump operated, on pump capacity,
and in some cases on production capacity. Industrial pumpage generally is more uniform throughout
the year than public pumpage unless large air-conditioning systems are used, the industry is seasonal,
or a change in operation occurs as a result of strikes or vacation shutdowns. Industrial pumpage (figure
4) declined from 49.2 mgd in 1986 to 44.7 mgd in 1990.

Domestic Supplies. Estimates of domestic pumpage considered rural populations as reported by the
U.S. Bureau of the Census and the per capita use of 84 gallons per day (gpd) used by Kohlhase ( 1987) .
On the basis of this per capita use, average domestic use in 1990 was estimated to be 600,000 gpd.

Irrigation Supplies. In 1989, a questionnaire was mailed to all known irrigators in the Metro-East
area requesting information for 1988 on number of acres irrigated, type of crop irrigated, frequency of
irrigation, and quantity of water applied. Based on the survey results, it was estimated that an average
of about 0.7 mgd of ground water was withdrawn for irrigation during 1988. Respondents included 18
farmers who irrigated a total of 2000 acres. Estimated irrigation was 0.8 mgd in 1986 and 1989, 1 .2 mgd
in 1990, and less than 0.1 mgd in 1987, based on June-August rainfall measured at Belleville (table 2).

Table 1. Annual Pumpage (mgd), 1986-1990
Year Pumpage
1986 62.8
1987 60.4
1988 61.6
1989 58.1
1990 58.7
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Figure 4. Estimated industrial and public pumpage, 1981-1990

Table 2. Rainfall (inches) June-August 1986-1990
Year Rainfall
1986
1987
1988
1989
1990

11 .45
17.38
10. 10
9.32
5.82

Dewatering Pumpage during Construction of Mel Price Lock and Dam. Large quantities of
ground water were withdrawn in the Alton area because of dewatering activities during construction
of the Mel Price Lock and Dam. The Corps of Engineers estimated that withdrawals during the third
phase of construction near the Illinois shore averaged 78,000 gallons per minute (gpm). A significant
part of this pumpage was from ground water. Phase 3 began on May 3 1 , 1990 , and concluded in January
1993. Dewatering during phase 1 ( 1980-1984) was for a cofferdam on the Missouri side of the river.
Dewatering during phase 2 ( 1985- 1988) was for a cofferdam in the middle of the river. Based on
available information, it is not possible to determine the ratio of river water to ground water pumped
during dewatering operations.
Distribution of Pumpage

Figure 5 shows the distribution of the 1990 pumpage and locations of the pumping centers. Pumpage
in the area is concentrated at five major pumping centers (Alton, Wood River, Roxana, National City,
and Granite City) and four minor pumping centers (Poag, Glen Carbon, Collinsville, and Venice).

8
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Previous reports have included pumpage from the highway dewatering site at Venice in the total for
National City. Sauget is no longer listed as a minor pumping center (Kohlhase, 1987), and pumpage
there was negligible in 1990.

Figure 6 shows pumpage for 1981 - 1990 for each major pumping center. Ground-water withdrawals
in the Alton area are primarily from wells owned by two industries and a municipality. During the 1986-
1990 period pumpage at Alton varied from 6.7 mgd to 7.0 mgd, except during 1987 when pumpage was
only 5.6 mgd because of reduced industrial activity.

I
I

The Wood River/Roxana area is the largest pumping center in the Metro-East area. Annual pumpage
during 1986-1990 was fairly stable, varying from 22.3 mgd to 23.3 mgd. Pumpage in the Wood River/
Roxana area is mainly for oil refineries and municipalities.

Ground-water pumpage in the Granite City area was about 10 mgd in 1986 and 1987. Pumpage
declined to 7.4 mgd in 1988 and was 7.3 mgd in 1990. Steel production industries are the major ground-
water users in the area.

I
I
I

Ground-water withdrawals in the National City area are mainly from wells at the interstate
dewatering sites shown in figure 1 and at a paint pigment plant. Withdrawals for the meat packing
industry, formerly large users, averaged only about 0.25 mgd in 1990. Since the goal of the dewatering
sites is to maintain the ground-water elevations within the pumping centers at a relatively constant
elevation, pumpage from wells at the sites fluctuates in response to changes in river stages, changes in
recharge from precipitation, and changes in ground-water pumpage in the vicinity of the sites. Pumpage
for the 1986-1990 period was highest in 1988 ( 12 .8 mgd) and lowest ( 1 1 .5 mgd) in 1989.

Figure 7 shows combined pumpage for the minor pumping centers. Except for the dewatering site
at Venice, pumpage from these centers was mainly by municipalities. Pumpage for the period was
highest (9.7 mgd) in 1989 and lowest (8.6 mgd) in 1990.
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WATER LEVELS IN WELLS
Water levels in wells in the Metro-East area have been measured periodically for more than 50 years

by the Illinois State Water Survey and others from the public and private parties. Figure 8 shows the
locations of ISWS observation wells active from 1986-1990.

Water levels in wells generally recede in late spring, summer, and early fall when one, or a com-
bination of the following, exceeds recharge from precipitation and infiltration induced from surface
water bodies:

a) discharge from the ground-water reservoir by evapotranspiration
b) discharge of ground water to streams and lakes
c) discharge of ground water by pumpage

Ground-water levels generally begin to recover in early winter when conditions are favorable for
recharge from precipitation. Recovery of ground-water levels is especially pronounced during the
spring months when precipitation recharge exceeds evapotranspiration and discharge to streams, result-
ing in most of the annual recharge to the aquifer.

The water level measured in a well at a particular time reflects not only seasonal variation, but also
factors such as recent climatic conditions, nearby pumpage, and the water levels of nearby surface water
bodies. Figure 9(a-d) shows the average monthly high and low water levels observed during the period
of record for four wells located in the Metro-East area. These graphs indicate that ground-water levels
are usually highest from April to June and lowest in September, October, and November. The graphs
also reveal the influence of nearby hydrologic features.

Well MAD3N9W-16.8a is located approximately 2000 feet from Horseshoe Lake. The north and
eastern end of Horseshoe Lake can be considered a ground-water recharge area, whereas the southwest-
ern tip of the lake is a ground-water discharge area. This "flow-through" hydrologic system coupled
with man-made flood control systems diverting surface water into and out of the lake contribute to the
lake's nearly constant water surface elevation, which in turn limits fluctuations of the surrounding
ground-water levels. As a result of these factors, the annual fluctuation at Well MAD3N9W-16.8a is
only about one foot (see figure 9a).

Well MAD5N9W-29.5g2, located near the Mississippi River at Alton, is influenced mainly by river
stage fluctuations and pumpage (see figure 9b). It is not unusual for ground-water levels at this well to
be at land surface or for ponded water to occur during high river stages. Well MAD3N10W-14.4b is
located in the west-central part of the area near Chain of Rocks Canal. Water levels in this well have
fluctuated on average about 7 to 8 feet annually during the last ten years (figure 9c). This is less than
at Well MAD5N9W-29.5g2, probably because of less pumpage influence and because of the stabilizing
effect of Lock and Dam No. 27 on river stages. In contrast, Well STC2N9W-26.8f2 is located near the
bluff in the southern part of the area and is not greatly affected by pumpage or surface water influence,
and the annual fluctuation is about 2 feet (figure 9d).

12
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Since 1900, ground-water levels have changed appreciably at the five major pumping centers.
According to Schicht and Jones (1962), the greatest water-level declines for the period from 1900 to
November 1961 occurred in major pumping: 50 feet in the Sauget area (formerly a major pumping
center), 40 feet in the Wood River area, 20 feet in the Alton area, 15 feet in the National City area, and
10 feet in the Granite City area. Part of the declines, 2 to 12 feet, was attributed to the construction of
levees and drainage ditches.

Reitz (1968) and Baker (1972) described the changes in ground-water levels from 1962-1971.
Ground-water levels generally continued to decline through 1964, but began to rise about 1965 as the
effects of decreased pumpage and above-average precipitation and river stages became noticeable.

Ground-water levels generally continued to rise for the period from 1972-1977 (Emmons, 1979).
Decreases in pumpage caused ground-water levels to rise 2 feet in the Sauget and Wood River areas and
5 feet in National City. Little change was observed in the Alton and Granite City pumping centers. In
Alton, a change of observation wells to a site nearer the center of pumpage obscured the rise in ground-
water levels resulting from a decrease in pumpage. Erratic pumpage in the Granite City area produced
small observed changes in ground-water levels.

During the period from 1978-1980 ground-water levels outside pumping centers showed little
change (Collins and Richards, 1986). Trends established between 1971 and 1977 continued near pump-
ing centers. Decreases in water levels in areas near the Mississippi River were generally due to low river
stages. Decreases in water-level elevations of more than 5 feet in the Wood River area, however, were
attributed to a change in the spatial distribution of pumpage. Ground-water levels in the Granite City
area generally rose in proportion to decreased pumpage. Increased pumpage in the National City area
expanded the area of declining ground-water levels near the river. Ground-water levels continued to
recover in the Sauget area with reduced pumpage.

The trend in ground-water levels from 1981- 1985 was for increasing water levels during 1981
and 1982, with apparent stabilization within an elevated range during 1983-1985 (Kohlhase, 1987) .
Above-normal precipitation and river stages from 1982-1985, coupled with the response of water
levels to annual pumpage changes, were the main factors contributing to this trend in water levels. From
1981- 1982, ground-water level increases of as much as 17 feet were observed in the National City and
Alton areas, 8 feet to 16 feet in the Granite City region, 12 feet in the Wood River area, and 7 to 14 feet
in areas near the bluff. Water levels stabilized at an elevated state after this trend of increasing
water levels.

Figure 10 shows the mean monthly Mississippi River stages for the period from 1981-1990, and
figure 11 shows the observed annual precipitation for the same period at Belleville (the raingage lies
one mile south of Scott Air Force Base). Figure 12 shows hydrographs of selected wells for this period.
A single line hydrograph represent water levels for wells at which the water level is measured monthly.
A double line represents water levels for wells equipped with continuous recorders; the lines represent
the observed monthly high and low ground-water levels.

The hydrographs show that these wells all share a similar fluctuation pattern from 1986-1990,
differing only in magnitude of fluctuation. The general trend during this period was for stable water
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Figure 10. Mean monthly Mississippi River stages, St. Louis gaging station, 1981-1990

Normal precipitation > 38.09 Inches

1981 1982 1983 1984 1985 1986
YEARS

1987 1988 1989 1990

Figure 11. Annual precipitation at Belleville, 1981-1990

levels within an elevated range in 1986-1987, falling ground-water levels in 1988 and 1989, followed
by increasing water levels in 1990. Factors contributing to this pattern were above-normal precipitation
from 1981- 1987, the Midwestern drought of 1988-1989, river stages, and water-level responses to
annual pumpage changes. Annual precipitation was approximately 12 percent above normal from 1981-
1987. Much of Illinois and the surrounding states experienced a substantial shortfall in precipitation
during 1988-1989. Precipitation in the Belleville area was about 92 percent of normal during this per-
iod. However, the data from the climate site near Belleville are not indicative of the severity of the
drought experienced by other parts of Illinois and the surrounding states. Based on the Palmer Drought
Index during September 1988 and September 1989, Kunkel, Angel, and Wendland (1992) described the
Metro-East area as being under mild drought conditions, whereas much of the Mississippi River valley
to the north and the surrounding areas were classified as being under extreme drought conditions. Dur-
ing 1990, precipitation was significantly above normal. Fluctuations in the mean monthly river stages
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correlated closely to ground-water fluctuations for the same time period. In relation to the 120-year
mean river elevation, river stages during this time period had a below- and above-average pattern
similar to the precipitation pattern.

From 1986-1990, ground-water levels in Well MAD5N9W-29.5g2 (figure 12a) and Well
MAD3N10W-14.4b (figure 12b) generally reflect Mississippi River stages. Corresponding peaks in
both ground-water hydrographs reflect high and low river stages. The effects of the drought of 1988-
1989 are very evident (declining water levels) in both the mean monthly Mississippi River stage graph
(figure 11) and in the hydrographs for both wells.

The magnitude of water-level change from 1986-1990 was controlled by each well's proximity to
pumping centers and to the Mississippi River and other surface water bodies. Well MAD3N9W-14.2c
(figure 12c) near the northeast end of Horseshoe Lake is a good example of a well that is not strongly
affected by a pumping center and that has the stabilizing influence of Horseshoe Lake nearby and no
drainageway in the immediate area. These conditions result in an annual fluctuation of water levels in
this well of about 3 feet, more variation than in Well MAD3N9W-16.8a (figure lOa) discussed
previously .The lesser fluctuation at Well MAD3N9W-16.8a is explained by the presence of the
adjacent drainageway and the well's proximity to Horseshoe Lake.

Ground-water levels in Well STC2N9W-26.8f2 (figure 12d) and Well MAD3N9W-8.5gl (figure
12e) vary in an almost identical manner, probably because both wells are in urban areas. The presence
of high-density buildings and large paved areas limits the area through which vertical recharge can
occur. Also, as a result of the network of storm drainage in urban areas, potential recharge from
precipitation is carried away quickly, resulting in moderate water-level changes. In contrast, water
levels in Well STC2N10W-12.7g (figure 12f) are impacted heavily by pumpage and by river-stage
levels. The resulting impact of these influences is an annual water-level change of 5 feet. During the
period 1986-1990, pumpage increased approximately 13 percent over the previous five-year period at
the National City pumping center and low river stages during the drought of 1988-1989, which
contributed to water levels receding below the bottom of Well STC2N10W-12.7g from July 1988 to
March 1990. Rapid and dramatic water-level changes occur at Well MAD3N10W-12.4f (figure 12g)
and Well MAD5N9W-18.3c (figure 12h) because of the effect of fluctuations in the Mississippi River.
Declining water levels during this same period reflect below-average precipitation and river stages
during 1988 and 1989 in the hydrographs for Wells MAD3N10W-12.4f and MAD5N9W-18.3c. This
downward trend in ground-water levels was reversed during 1990 when precipitation and Mississippi
River stages were well above normal.

Figure 13 (a-d) shows hydrographs of selected wells for the entire period of record. Well MAD3N8W-
3 1 . 1 a (figure 13a) reflects the slight downward trend of water levels in the Collinsville area as a result
of the growing pumping cone. Wells MAD3N9W-16.8a (figure 13b), MAD3N10W-12.4f (figure 13c),
and MAD5N9W-27.5al (figure 13d) indicate that the trend of continuously rising water levels,
experienced in the area since 1965 because of the overall decrease in ground-water use and shifts in the
distribution of pumpage, has ceased. From 1985-1990, hydrographs for these wells have shown a sta-
bilized to a slight downward trend. Relatively consistent pumpage from 1981-1990 has led to these
pumping centers having less influence on the surrounding water levels. The controlling factors in water-
level trends between 1981 and 1990 appear to be precipitation and stream levels.
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When a major ground-water user began using the Mississippi River as a water-supply source after
June 1957, water levels in nearby wells recovered quickly, averaging 12 feet per year through 1961 .
This dramatic trend is shown in the hydrograph for Well MAD3N9W-16.8a (figure 13b).

415

410

405

I
UJ 400
HI
CCUI

395

410

405

400

1
395

390

s
£ 385

380
(b)

1953 1958 1963 1968 1973 1978 1983 1988
Collinsvllle MAD3N8W-31.1A ID = 01073
Depth,ft = 102 Aquifer = 0101 LSE, ft = 430

1955 1960 1965 1970 1975 1980 1985 1990
Blast Furnace MAD3N9W - 16.8A ID = 01074
Depth, ft = 1 19 Aquifer = 0101 LSE, ft = 411.67

410

405

400

> 395

390

I
385

(C)

410

§ 400
E

,' 390

380

I
1953 1958 1963 1968 1973 1978 1983 1988

Corps of Engineers RW - 70 MAD3N10W-12.4F 10 = 01076
Depth, ft = 58 Aquifer = 0101 LSE, ft = 406.40

370
(d)

1958 1963 1968 1973 1978 1983 1988

Marathon Oil MAD 5N9W - 27.5A1 ID = 01081
Depth, ft = 107 Aquifer 0101 FSE, ft = 428.15

Figure 13. Hydrographs of four selected wells for entire period of record: a) 1953-1988, b) 1955-1990,
c) 1953-1988, and d) 1958-1988
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POTENTIOMETRIC SURFACE: NOVEMBER 1990
A potentiometric surface map (figure 14) was prepared from water levels measured in 269 wells

during late October and early November 1990 when water levels are usually near minimum stages.
Figure 15 provides locations of wells, and the appendix provides ground-water level data used to
prepare the map. Tables 3 and 4 indicate surface water elevations used in preparing the potentiometric
surface map.

Prior to development of large ground-water supplies, ground-water movement was toward
the Mississippi River and other streams and lakes. During high river stages, flow was from the river.
With the development of large ground-water supplies, however, the general pattern of ground-water
flow has been toward the cones of depression created by pumpage or the Mississippi River and
lakes and other streams. In places where cones of depression are near the river, hydraulic gradients
from the river have been established and significant quantities of river water are diverted into the
pumping centers.

The main features of the November 1990 potentiometric map (figure 14) are the deep cones of
depression along the Mississippi River just south of Alton and near National City. The cone of
depression at Alton was formed by pumping for dewatering during construction of the Mel Price Lock
and Dam. The cone of depression near National City is the result of dewatering to maintain ground-
water elevations below the highway surface in areas where the highway is depressed below the original
land surface.

Other features include cones of depression associated mainly with industrial pumpage just south
of the bluffs near Alton and at Wood River, Roxana, and Granite City, A cone of depression along
the bluffs near Collinsville is the result of pumpage for municipal use. Withdrawals in the vicinity of
Sauget were negligible in 1990. Consequently, the cone of depression associated with indus-
trial pumpage at Sauget has disappeared, and ground-water movement in the vicinity was toward
the river.
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Table 3. Stream Elevations

Location of gage

Elevation of
measuring point
(feet above msl)

Water-surface elevation
_____(feet above msl)

Nov. 1985 Nov. 1990

Illinois Route 203 Bridge,
NW corner, Sec. 5, T2N, R9W

Black Lane Bridge,
Canteen Creek, near center
Sec. 36, T3N, R9W

Sand Prairie Road Bridge,
Canteen Creek, near center
Sec. 35, T3N, R9W

Sand Prairie Road Bridge,
NW comer, Sec. 35, T3N, R9W

Highway Bridge, 1, NE corner,
Sec. 16, T4N, R9W

Highway Bridge, 2, NW corner,
Sec. 14, T4N, R9W

Highway Bridge, 3, NW corner,
Sec. 13.T4N.R9W

415.30

420.80

400.27

401.55

400.61

418.04

418.55

444.36

440.42

441.38

401 . 1 1

400.45

414.39

414.23

414.26

400.19

399.93

414.02

413.79

413.88

Table 4. Mississippi River Stages

Gage description

Lock and Dam No. 26
Alton, IL (lower)

Mel Price (upper)
Mel Price (lower)
Hartford, DL
Lock and Dam No. 27

Granite City (upper)
Lock and Dam No. 27
Granite City (lower)

St. Louis, MO
Engineer Depot, MO

185.3

185. 1
179.6
176.8

Water-surface elevation
(feet above msl)>issippi River

He number

202.7
201.1
200.5
196.8

11/12/80

418.9
-
-

399.3

11/11/85

408.48
-
-

406.83

11/1/90

408.48
418.69
400.78
400.32

383.4
382.7

394.34
393.58

399.86

386.91
384.84
383.58
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CHANGES IN GROUND-WATER LEVELS
November 1985-1990

Figure 16 shows ground-water level changes fromNovember 1985-November 1990. Changes were
estimated by comparing potentiometric surface maps for 1985 (figure 17) and 1990 (figure 14). Signif-
icant declines exceeding 25 feet occurred along the Mississippi River a few miles south of Alton adja-
cent to the Mel Price Lock and Dam as a result of dewatering during construction of the lock and dam.
Ground-water level declines exceeded 5 feet in an area extending from Granite City to Sauget, and
continuing in a narrow band south along the river to the edge of the study area. These changes were
attributed to a significant change in river stage (figure 10) between November 1985 and November
1990. No changes were recorded in the vicinity of the main highway dewatering area near National City
where pumpage is adjusted to maintain constant water levels. Ground-water levels were less than 5 feet
below 1985 levels in the rest of the area except for a large area in the vicinity of Wood River and Roxana
where declines exceeded 5 feet. These changes were attributed to below normal precipitation in 1988
and 1989 (figure 11) . Although precipitation was above normal during 1990, ground-water levels had
not recovered completely.

November 1966-1990
To show the impact of large declines in ground-water pumpage, a water-level change map for the

period November 1966-1990 (figure 18) was estimated by comparing the potentiometric surface maps
for 1966 (figure 19) and 1990 (figure 14). Ground-water pumpage was 108.1 mgd in 1966, near the peak
of 1 1 1 .0 mgd recorded in 1956 (Reitz, 1968). By 1990, ground-water pumpage declined to 58.7 mgd.
Table 5 shows declines in pumping for each major pumping center. Pumping for dewatering during
construction of the Mel Price Lock and Dam near Alton was not included in the Alton total because it
is difficult to estimate and is only temporary.

Except for a narrow strip along the bluffs from Collinsville to just south of Cahokia Diversion Canal,
an area in the vicinity of Alton, and a small area in the vicinity of East Carondelet along the Mississippi
River, ground-water levels rose between November 1966 and November 1990, mainly because of the
reduction in pumpage.

With the exception of the Alton area, ground-water levels in the vicinity of pumping centers rose
during the 1966-1990 period. At Alton the impact of a large decline in estimated pumpage (7.6 mgd)
was balanced by the dewatering pumpage at the Mel Price Lock and Dam and water levels not sig-
nificantly different in 1990 than in previous years. The greatest recovery occurred at the Sauget pump-
ing center where water levels rose more than 65 feet. Pumpage at Sauget for the period declined 27.3
mgd. Water-level recovery exceeded 10 feet at Wood River and exceeded 15 feet at Granite City and
north of the National City pumping center. Because of the large quantities of ground water withdrawn
for the highway dewatering system, ground-water level recovery was significantly less along interstate
highways in the vicinity of National City as shown in figure 18. Recovery of water levels was less than
10 feet and in some areas less than 5 feet in a broad band along the interstate highway.

Ground-water levels declined in a narrow band along the bluffs from the Cahokia Diversion Channel
to Collinsville. Declines also occurred along the Mississippi River south of Cahokia Canal and in small
areas in Wood River and East Alton.
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Table 5. Declines in Pumpage (mgd): Major Pumping Centers, 1966-1990
Pumping center Pumpage decline (mgd)
Alton 7.6
Wood River 8.6
Granite City 5.3
National City 2.1
Sauget 27.3

Note: Total for Alton does not include pumpage due to dewatering for Mel
Price Lock and Dam.
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AREAS OF DIVERSION
Figure 20 shows boundaries of areas of diversion of pumping centers for November 1990. The

boundaries delimit areas within which the general movement of ground water is toward pumping
centers. In areas where ground-water levels are near the land surface, ground-water may discharge into
streams, lakes, or both. It has been more difficult to determine areas of diversion of pumping centers
because ground-water levels have recovered significantly in recent years. For this study only, areas of
diversion that are easily recognizable on the potentiometric surface are shown.

Hydraulic gradients were established from the Mississippi River toward the pumping centers in the
Alton and Wood River areas of diversion. As a result the river contributes a large part of the pumpage.

For the areas of diversion for Granite City, Venice, and National City, a ground-water divide exists
between the pumping center and the river. It should be noted that the ground-water areas of diversion
shown exist for only the period that water levels weremeasured. Areas of diversion may be distorted
markedly by changes in river stage, particularly significant increases in stage and significant rainfall
recharge events and significant changes and shifts in pumpage.
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APPENDIX A. WELL NUMBERING SYSTEM
The well-numbering system used in this report is based on the location of the well, and uses the

township, range, and section for identification. The well number consists of five parts: county
abbreviation, township, range, section, and coordinate within the section (subsection or 10-acre plot).
Sections are divided into rows of V^-mile squares. Each V^-mile square contains 10 acres and corresponds
to a quarter of a quarter of a quarter section. A normal section of 1 square mile contains 8 rows of
Vs-mile squares; an odd-sized section contains more or fewer rows. Rows are numbered from east to west
and lettered from south to north as shown in the diagram.

Example: St. Clair County
T2N, R10W
Section 23

h
9
f
e
d
c
b
a

The location of the well shown above is STC 2N10W-23.4c. Where there is more than one well
in a 10-acre square, each well is identified by arabic numbers after the lower-case letter in the well
number. Any number assigned to the well by the owner is shown in parentheses after the location well
number. The abbreviations for counties discussed in this report are:

Madison MAD Monroe MON St. Clair STC
There are parts of the East St. Louis area where section lines have not been surveyed. For

convenience in locating observation wells, normal section lines were assumed to exist in areas not
surveyed.
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APPENDIX B. WATER-LEVEL ELEVATIONS AND CHANGES
IN THE METRO-EAST AREA, 1985-1990

II

iii

County
location Owner
Madison
3N08W05.2d SCHWARTZ
3N08W05.2f2 V OF GLEN CARBON #2 (sealed > 1982)
3N08W05.2O V OF GLEN CARBON #3 (sealed > 1982)
3N08W05.4al V OF MARYVILLE #1
3N08W05.4a2 V OF MARYVILLE #2
3N08W05.4a3 V OF MARYVILLE #3
3N08W05.4a4 MARYVILLE WELL FIELD - ME4
3N08W05.4h LOHR BROS CONST
3N08W05.5e V OF GLEN CARBON #6
3N08W05.6dl V OF GLEN CARBON #4
3N08W05.6d2 V OF GLEN CARBON #5
3N08W08.4g KELLER #3
3N08W08.6h WILLAREDT, HARLEY
3N08W18.7e ARLINGTON GOLF COURSE
3N08W19.1f FERD STRACKETJAHN
3N08W19.7e HADLEY BRIDGE
3N08W20.5al V OF TROY WELL #1
3N08W20.5a2 V OF TROY WELL #2
3N08W20.5a3 V OF TROY WELL #3
3N08W20.5a4 V OF TROY WELL #4
3N08W20.5c TED KOSTEN JR.
3N08W20.8c E FOURNIE
3N08W30.7b V W ECKMANN
3N08W31. lal COLLINSVILLE OB WELL ID#1073
3N08W31. Ia2 C OF COLLINSVILLE #7
3N08W31. Ia3 C OF COLLINSVILLE #8
3N08W31.1a4 C OF COLLINSVILLE #11
3N08W31.2al C OF COLLINSVILLE #9
3N08W31.2a2 C OF COLLINSVILLE #10
3N08W32.8d WATSON
3N09W03. la CARL ELLIS
3N09W04.5el C OF GRANITE CITY P-2
3N09W04.5e2 MARYVILLE SCHOOL - ME1
3N09W06. la HERBERT BISCHOFF #1
3N09W06.3c HERBERT BISCHOFF #2
3N09W07.6d A O SMITH CO WELL A
3N09W08.1d C OF GRANITE CITY P-5
3N09W09.4cl MIKE GRAVES
3N09W09.4c2 PARKVIEW SCHOOL - ME3
3N09W10.2a WILBERT ENGELKE (S of tracks)
3N09W10.4b WILBERT ENGELKE (destroyed > 1985)
3N09W10.4gl C OF GRANITE CITY P-4
3N09W10.4g2 C OF GRANITE CITY P-4A
3N09W10.5d GOLF COURSE (THE REGENCY)
3N09W10.6c M ORASCO
3N09W12.3g CHARLES LUEHMANN

Water-level
elevation
1985 (ft)

408.03
408.72

413.42

Water-level
elevation
1990 (ft)

407.83

407.96
418.28
412.84

Water-level
change

1985-1990
(ft)

413.23
409.99
410.43
411 .06

408.00

408.66

403.04
401.94
403.88

406.36
403.83
397.68
390.25

390.44
408.29

408.56
407.81
407.07
408.52

406.58

404.80
404.30
405.60
403.81
403.52
409.12
409.96
410.08
410.38
408.95
408.93
402.90
402.98
402.31
403.75
405.05
406.37
403.89
398.63
390.05
388.00
392.43
391.66

399.72
406.95
408.40
406.27
405.46
403.73
406.91

408.53
406.15

-9.71
-0.87
-0.47
-0.98

2.38
0.27
-0.14
1.04

-1.57

0.01
0.06
0.95

-0.20

-1.34

-2.29
-2.35
-3.34
-1 .61

-0.43

-0.76

-0.58
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APPENDIX B. (Continued)

County
location Owner
Madison
3N09W14.2c HANDFELDER
3N09W14.4a L J ROSS LUMBER CO
3N09W16.8a BLAST FURNACE E-2 (covered 1970)
3N09W17.2al LAKE SCHOOL - ME15
3N09W17,3a V BISCHOFF
3N09W18.8al C OF GRANITE CY P-6
3N09W18.8a2 C OF GRANITE CY P-6A
3N09W19.3g GRANTTE CY STEEL #1
3N09W19.3h GROVE PLUMB & HEAT
3N09W19.8fl GRANITE CY STEEL #*
3N09W20.7e GRANITE CY STEEL #4
3N09W20.8d2 GRANITE CY STEEL #12
3N09W20.8d3 GRANTTE CY STEEL #6
3N09W20.8d4 GRANITE CY STEEL #14 (NEW)
3N09W23.5f DEPT OF CONSERVE!
3N09W23.8el DEPT OF CONSERV #2
3N09W23.8e2 DOC @ WALKER'S ISLAND - ME5
3N09W24.3c V BRUNS
3N09W24.4g HOLIDAY PK MOB HOMES
3N09W25.5f HERBERT BISCHOFF
3N09W25.8e WM BRUNS #1
3N09W28.5a BIG BEND ROAD - ME7
3N09W29.1a WILLIAM STEIMAN
3N09W30.5hl MADISON MIDDLE SCHOOL - ME6
3N09W30.6e MADISON HIGH SCHOOL
3N09W32.3b HENRY MUELLER
3N09W32.6g ESTELLA AUFDERHEID
3N09W35.3d ST OF ILLINOIS
3N09W36.1f VICTOR ECKMANN SR (sealed > 1977)
3N09W36.3b KREITNER SCHOOL - ME8
3N!OW01.1c E ST L D&L DIS RW98
3N10W12.4f E ST L D&L DIS RW69
3N10W12.6c E ST L D&L DIS RW56
3N10W13.1b3 NESTLES CO WELL #3
3N10W13.1b4 NESTLES CO WELL /C4
3N10W13.2b NESTLES CO WELL #5
3N10W13.4a DON PARTNEY-CS2
3N10W13.4gl PRATHER SCHOOL - ME2
3N10W13.8g2 APEX OIL CO
3N10W13.8g3 E ST L D&L DIS RW37
3N10W14.1f E ST L D&L DIS RW33 (SOUTH)
3N10W14.3c E ST L D&L DIS RW24
3N10W14.4b ESTLD&LDISRW18
3N10W22. lal E ST L D&L DIS RW43
3N10W22.1a2 E ST L D&L DIS RW44
3N10W22.1cl E ST L D&L DIS RW33 (NORTH)
3N10W22. Ic2 E ST L D&L DIS RW32
3N10W23.6c E ST L D&L DIS RW7

Water-level
elevation
1985 (ft)

405.05
405.04

406.48
402.60
402.59
400.18
404.02
404.14
402.88
402.45
402.74
403.24
404.86

410.44
405.10
406.11
400.23

400.43
404.04

405.01
404.56
404.43
402.13

398.84
397.61
414.21
408.48
403.33
402.61
403.14

398.19
397.57
399.87

Voter-level
elevation
1990 (ft)

404.29
404.69

404.77
405.37
398.87
400.85
401.68
402.57
401.40

401.01
403.23
404.37
404.15
404.06

405.07
405.67
402.50
404.40
396.77
399.04

398.85
403.53

403.05
401.50
401.29
401.00
399.31

394.35
401.70
410.90
401.64
400.22
399.63
400.02

392.54
392.33
396.25

Water-level
change

1985-1990
(ft)

-0.76
-0.35

-1 . 1 1
-3.72
0.67

-2.34
-1.57
-1.48
-1.73
-0.01
-0.49

-0.03
-0.44

4.17

-1.58
-0.51

-3.51
-3.27
-3.43
-2.82

_ .
-3.26

-3.31
-6.84
-3.1 1
-2.98
-3.12
-5.65
-5.24
-3.62
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County
location Owner
Madison
3N10W23.7c E ST L D&L DIS RW20
3N10W24. Ic GRANITE CY STEEL #2
3N10W24.3h PRAIRE FARMS DAIRY
3N10W24.5e GRANITE CY STEEL #14
3N10W24.5f GRANITE CY STEEL #16
3N10W24.6d GRANITE CY STEEL #15
3N10W24.7c GRANITE CY STEEL #17
3N10W25.8h COVALCO
3N10W26.2el DUNBAR SCHOOL - ME16
3N 10W26.6b E ST L D&L DIS RW78
3N10W26.7d E ST L D&L DIS RW70
3N10W26.8e E ST L D&L DIS RW64
3N10W26.8h E ST L D&L DIS RW53
3N10W35.3f IDOT DEWATERING #4
3N10W35.4f IDOT DEWATERING #1
3N10W35.6f E ST L D&L DIS RW96
3N10W35.6g E ST L D&L DIS RW91
3N10W35.6h E ST L D&L DIS RW87
3N10W36.5g MAD INDUS COMPLEX#11
3N10W36.5h LACLEDE STEEL CO #9
4N08W17.8bl SIU EDWRD WELL 1
4N08W17.8b2 SIU EDWRD WELL 2
4N08W18.4c BROCKMEIR WELL 2
4N08W19.4e I.J. HUTNER
4N08W20.4a BROCKMEIR WELL 1
4N08W20.5d SIU WELL 3
4N08W29.4a OTTO BAUMANN
4N08W32.3a VERNON KELLER WELL 1
4N08W32.4a VERNON KELLER WELL 2
4N09W01.2e LOSCH FARMS
4N09W01.7hl MARRIN DENTON
4N09W02.3b VIL OF ROXANA
4N09W03.2b EXPLORER PIPELINE CO
4N09W03.2g SHELL OIL CO
4N09W03.6f SHELL OIL CO
4N09W04.2g3 VIL OF HARTFORD WELL 1
4N09W04.2g4 VIL OF HARTFORD WELL 2
4N09W04.2g5 VIL OF HARTFORD WELL 4
4N09W04.3f CITY OF HARTFD WELL 3
4N09W04.5f NAT MARINE SERVICE WELL 1
4N09W04.6e NAT MARINE SERVICE WELL 2
4N09W04.7h HARTFORD, IL RM196.8
4N09W09.2b HOEHN WELL (destroyed > 1980)
4N09W10.8e CONOCO PIPELINE CO
4N09W10.8h HARTFORD TERMINAL
4N09W11.3b 1 ROXANA DISTR SYSTEM #8
4N09W11.3b2 ROXANA DISTR SYSTEM #9
4N09W11.3b3 ROXANA DISTR SYSTEM #10

Water-level
elevation
1985 (ft)

398.05
401.27
396.47
397.01
401.41
399.33
401.10
397.44
398.85
397.72
394.46
394.03

397.28
396.87
401.10
400.36
425.57
421.13
416.36

424.78
418.91
416.32
421.09
417.87

413.09
409.88
402.11

403.04

404.58

408.01

Water-level
elevation
1990 (ft)

393.21
391.96
398.00
393.52
394.22
398.50
396.42
398.40
398.76
392.73
392.84
394.16
393.09

415.03
409.85

414.06
413.55
412.31
410.22

407.18
405.49

397.99
396.34
404.45
399.56

405.65
404.53

Water-level
change

1985-1990
(ft)

-4.84
-3.27
-2.95
-2.79
-2.91
-2.91
-2.70
-4.71
-4.69
-4.63

-6.10

-2.26
-7.54
-7.65
-5.91
-4.39

-6.70
-5.02

-3.48
410.36

405.69
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APPENDIX B. (Continued)

County
location Owner
Madison
4N09W12.4f LOSCH FARMS, ROCK HOUSE
4N09W12.4hl LOSCH FARMS IRRIGATION
4N09W12.4h2 CHARLES LOSCH ABAND.
4N09W12.4h3 LOSCH FARMS HOUSE
4N09W13. Id4 CY OF EDWRDSVE WELL 4
4N09W13. Id5 C Y OF EDWRDSVE WELL 5
4N09W13. Id7 CY OF EDWRDSVE WELL 7
4N09W13. Id8 CY OF EDWRDSVE WELL 8
4N09W13.1d9 CY OF EDWRDSVE WELL 9
4N09W14.8h2 E SD LEVEE SAN DIST RW3
4N09W16.2cl CHEMETCO METALS CORP WELL 1
4N09W16.2c2 CHEMETCO METALS CORP WELL 2
4N09W20.3g E ST L D&L DIS RW196
4N09W21.5h BEN KILLAM
4N09W23.5d SWS DRIVEN PIEZOMETER
4N09W25.4e EDWIN RAPP
4N09W25.8a2 SWS DRIVEN PIEZOMETER
4N09W25.8al UNKNOWN
4N09W29.8d E ST L D&L DIS RW161
4N09W30. Ib E ST L D&L DIS RW155
4N09W31.2h E ST L D&L DIS RW150
4N09W31.3g E ST L D&L DIS RW145
4N09W31.6a E ST L D&L DIS RW126
4N09W33.2d TRI CITY SPEEDWAY
4N09W33.4b CY OF GRANITE CITY PI
4N09W34.1b M. THEIS
4N10W35.3g CHAIN OF ROCKS RM190.4
5N09W18.3cl ALTON BOX BRD CO WELL 10
5N09W18.3c2 ALTON BOX BRD CO WELL 19
5N09W18.46 ALTON BOX BRD CO (DIESEL HOUSE)
5N09W18.4c2 ALTON BOX BRD CO WELL 18
5N09W18.5cl ALTON BOX BRD CO WELL 15
5N09W18.5c2 ALTON BOX BRD CO WELL 16
5N09W18.6c ALTON BOX BRD CO WELL 20
5N09W18.7a ALTON BOX BRD CO WELL 22
5N09W18.8b ALTON BOX BRD CO WELL 23
5N09W18.8c LACLEDE STEEL-ALTON PLANT
5N09W19.3c WOOD RIVER D&L DIS RW100
5N09W 19.3d WOOD RIVER D&L DIS RW99
5N09W19.4g FED METALURGICAL iC3
5N09W19.4hl FED METALURGICAL #1
5N09W19.4h2 FED METALURGICAL #2
5N09W19.6el WOOD RIVER D&L DIS RW87XX
5N09W19.6e2 WOOD RIVER D&L DIS RW80XX
5N09W19.8g WOOD RIVER D&L DIS RW68X
5N09W20.2e OLIN MATfflESON CHEM CORP #1
5N09W20.4hl CY OF E ALTON II
5N09W20.4h2 CY OF E ALTON 12

Water-level
elevation
1985 (ft)

417.94
414.90
413.88
413.17
415.37
414.96
405.20
408.23
407.11
406.61
411 .01
412.48
412.02

405.52
405.53
405.40
405.43
405.32
410.38
410.79

Water-level
elevation
1990 (ft)

409.71
411 .95
409.14

410.47
410.28
411.%
409.66
402.62
405.91
402.98
403.44
412.86
410.69
411.19

403.08
403.07
402.92
402.69
403.09

Water-level
change

1985-1990
W

-5.99
-5.76

-2.70
-5.09
-3.00
-2.58
-2.32
-4.13
-3.17

-1.79
-0.83
-2.44
-2.46
-2.48
-2.74
-2.23

391.88

406.16
390.50
394.17
404.85

407.80

399.61
400.01
406.39
406.65
406.40
404.31
403.98

373.71

378.87
396.54

390.23

381.27
383.03
376.94
364.04
379.22

392.38

-15.30
-8.31

-18.34
-16.98
-29.45
-42.61
-27.18

-11 .60
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APPENDIX B. (Continued)
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County
location Owner
Madison
5N09W20.4h3 CY OF E ALTON #3
5N09W20.4h4 CY OF E ALTON #4
5N09W20.4h5 CY OF E ALTON #5
5N09W20.5a WOOD RIVER D&L DIS RW105
5N09W20.8gl AIRCO INDUST GAS #1
5N09W20.8g2 AIRCO INDUST GAS #2
5N09W21.5c DOME RAILWAY SERV #1
5N09W21.5hl CY OF E ALTON 115
5N09W21.5h2 CY OF E ALTON #16
5N09W21.5h3 CY OF E ALTON #19
5N09W21.5h4 CY OF E ALTON #11
5N09W22.2cl VIL OF BETHAL #1
5N09W22.2c2 VIL OF BETHAL #2
5N09W22.2c3 VIL OF BETHAL #3
5N09W22.2c6 VIL OF BETHAL #6
5N09W22.2c7 VIL OF BETHAL #7
5N09W22.2c8 VIL OF BETHAL #8
5N09W22.2c9 VIL OF BETHAL #9
5N09W22.2clO VIL OF BETHAL #10
5N09W22.2cl 1 VIL OF BETHAL II1
5N09W22.2cl2 VIL OF BETHAL #12
5N09W22.4e CY OF WOOD RIVER, BELK PARK
5N09W26.7f CY OF WOOD RIVER #17
5N09W26.8dl VIL OF ROXANA #6
5N09W26.8d2 WOOD RTVER D&L DIS #136
5N09W26.8e VIL OF ROXANA #7
5N09W26.8gl CY OF WOOD RIVER #12
5N09W26.8g2 CY OF WOOD RIVER #15
5N09W26.8g3 CY OF WOOD RIVER #18
5N09W27.1b2 VEL OF ROXANA #3
5N09W27.1M VIL OF ROXANA #5
5N09W27.5al MARATHON PLINE S WELL
5N09W27.5a2 MARATHON OIL N WELL
5N09W27.7a AM OIL CO WR REF #60
5N09W27.7b AM OIL CO WR REF #42
5N09W27.7el AM OIL CO WR REF #50
5N09W27.7e2 AM OIL CO WR REF #51
5N09W27.7e3 AM OIL CO WR REF #53
5N09W27.8al AM OIL CO WR REF #58
5N09W27.8a2 AM OIL CO WR REF #61
5N09W27.8bl AM OIL CO WR REF #56
5N09W27.8b2 AM OIL CO WR REF #55
5N09W27.8b3 AM OIL CO WR REF #65
5N09W27.8c AM OIL CO WR REF #33
5N09W27.8dl AM OIL CO WR REF #30
5N09W27.8d2 AM OIL CO WR REF #52
5N09W28. lal AM OIL CO WR REF #59
5N09W28.1a2 AM OIL CO WR REF #62

Water-level
elevation
1985 (ft)

404.41

411 .30

398.64

398.96
398.37

Water-level
Water-level change
elevation 1985-1990
1990 (ft) (ft)

392.50
394.21
398.00

397.80

397.06

-11.91

403.34
401.78
401.78
402.12
399.20

399.42

405.89

404.38

408.18
405.94

392.45
391 . 17
392.32
391.48
388.50
392.03
389.92
397.60
398.68

-10.89
-10.61

-9.46
-10.64
-10.70

-9.50
-8.29
-5.70

400.85
400.68
395.35
402.68
395.64
402.91
396.38
396.53
397.38
411 .62

395.04
393.02
390.71
389.94
394.87

397.06
388.86
392.16

-5.81
-7.66
-4.64

-7.81
-5.85
-7.52
^.37

393.09 -5.87
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APPENDIX B. (Continued)

County
location Owner
Madison
5N09W28.1bl AM OIL CO WR REF #46
5N09W28. Ib2 AM OIL CO WR REF #57
5N09W28.2d AM OIL CO WR REF TEST
5N09W28.4c WOOD R D&L DIS RW146
5NQ?W28.5bl AMOCO - RTVER WELL 11
5N09W28.5b2 AMOCO - RIVER WELL #2
5N09W28.5b3 AMOCO - RIVER WELL #3
5N09W28.5b4 AMOCO - RIVER WELL #4
5N09W28.7el CY OF WOOD RIVER #3
5N09W28.7e3 CY OF WOOD RIVER #6
5N09W28.7e4 WOOD R D&L DIS RW140
5N09W28.8el CY OF WOOD RIVER *\
5N09W28.8e2 CY OF WOOD RIVER #2
5N09W28.8e5 CY OF WOOD RIVER #5
5N09W28.8e6 WOOD R D&L DIS RW138
5N09W29.le WOOD R D&L DIS RW135
5N09W29.3hl O MATfflESON CH CO #3
5N09W29.3h2 O MATfflESON CH CO #4
5N09W29.3h3 O MATfflESON CH CO #5
5N09W29.4g3 O MATfflESON CH CO #2
5N09W29.4gl WOOD R D&L DIS RW114
5N09W29.4g2 WOOD R D&L DIS RW121
5N09W29.5f OLIN CORP
5N09W29.5gl OLIN CHEM - AE1
5N09W29.5g2 OLIN CHEM - AN1
5N09W33. la CLARK OIL & REF - B3-W
5N09W33. Id CLARK OIL & REF - B34-W
5N09W33.5e 1 SHELL OIL REF N TEST
5N09W33.5e2 SHELL OIL REF S TEST
5N09W33.5f SHELL OIL MIS RTV 14
5N09W34.3el ANLIN CO t\ (aka ANLIN EAST)
5N09W34.3e2 ANLIN CO »2 (aka ANLIN WEST)
5N09W34.4al CLARK OIL CO REF #5
5N09W34.4a2 CLARK OIL CO REF - B25-E
5N09W34.5al CLARK OIL CO REF #3
5N09W34.5b CLARK OIL CO REF - B9-E
5N09W34.6al CLARK OIL CO REF #1
5N09W34.6a2 CLARK OIL CO REF #2
5N09W34.6b CLARK OIL CO REF #4
5N09W34.7b CLARK OIL CO REF - B6-E
5N09W34.7dl INT'L SHOE CO - WEST WELL
5N09W34.7d2 INT'L SHOE CO - EAST WELL
5N09W34.8b CLARK OIL CO REF - B38-W
5N09W35.5f SHELL OIL REF W 152
5N09W35.5h SHELL OIL REF W 141
5N09W35.6b SHELL OIL REF W 160
5N09W35.8h SHELL OIL CO TWI1
5N09W36.4C SHELL OIL CO K H WELL

Water-level
elevation
1985 (ft)

399.50
407.75

410.77
405.90
402.46

404.11
405.15

393.87
395.56
409.53

400.76

402.86
401.35
400.40
400.36
402.40

Water-level
Water-level change
elevation 1985-1990
1990 (ft) (ft)

393.47

398.45
386.03
390.78
389.28

398.32

398.80

385.16
383.92

402.01

400.99
400.49
399.34
398.07
397.25

390.95

392.44
396.13

395.49

398.00

391. 1 1
393.77

-6.03

-6.35

-9.95
-7.52

-9.25
-8.63
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County
location

Madison
5N10W13.1al
5N10W13.1a2
5N10W13.1b
5N10W13.2al
5N10W13.2a2
5N10W13.4cl
5N10W13.4c3
5N10W13.4c6
5N10W13.4c7
5N10W13.4c8
5N10W13.5c
5N10W13.5dl
5N10W13.5d2
5N10W14.4e
5N10W24.1h

St. Glair
lN09W04.5e
lN09W04.6fl
1N09W06.1C
lN09W08.8h
INlOWOl.Sdl
lN10W02.8e
lN10W03.3cl
lN10W04.1g
lN10W04.2e
lN10W04.3b
1N10W04.3C
lN10W04.7b
lN10W08.2h
1N10W08.5C
lN10W08.7a
lN10W09.1f
lN10W09.2h
lN10W09.4h
INlOWlO.lc
1N10W10.4C
lN10W12.5b
lN10W13.3h
lN10W16.2g
lN10W16.6h
lN10W17.1e
lN10W17.5g
lN10W17.8b
lN10W19.6f
1N10W20.4C
lN10W20.5f
lN10W20.6a

Owner

LACLEDE STL CO (ALTON) #1
LACLEDE STL CO (ALTON) #3
LACLEDE STL CO (ALTON) #2
WOOD RIVER D&R DIS RW41X
WOOD RIVER D&R DIS RW42X
OWENS IL GLASS CO »\
OWENS IL GLASS CO #3
OWENS IL GLASS CO #6
OWENS IL GLASS CO #7
OWENS IL GLASS CO - COE WELL
WOOD RIV D&L DIS RW20
WOOD RIV D&L DIS RW16
WOOD RIV D&L DIS RW18
LOCK & DAM #26
WOOD RIV D&L DIS RW51

E WESTERHEBDE
LaLUMffiR SCHOOL - ME22
SWS PIEZOMETER
VA RISTER
CAHOKIA HIGH SCHOOL - ME13
SWS PIEZOMETER
HUFFMAN SCHOOL - ME14
E ST L D&L DIS RW196
E ST L D&L DIS RW207
E ST L D&L DIS RW237
E ST L D&L DIS RW223
PRAIR DUP D&L RW23
PRAIR DUP D&L RW28
PRAIR DUP D&L RW34
PRAIR DUP D&L RW45
E ST L D&L DIS RW262
ESTLD&LDISRW251
PRAIR DUP D&L RW15
E ST L D&L DIS RW273
E ST L D&L DIS RW263
E ST L D&L DIS RW278
E ST L D&L DIS RW286
WALTER DRESCHER
OSCAR KELLING
OSCAR KELLING
DCHARTRAND
DCHARTRAND
PRAIR DUP D&L RW46
CLINDHORST
DCHARTRAND
DCHARTRAND

Water-level
elevation
1985 (ft)

407.10
401.25

407.09

402.03
402.03
401.18

408.84

410.50

407.50

398.61
397.74
397.63
395.60

399.64
390.40
390.91

Water-level
elevation
1990 (ft)

394.80

403.92
403.44

404.80
41 1 . 17

397.69

402.50

Water-level
change

1985-1990
(ft)

398.16
398.21

394.74

397.23
386.77
389.22

-3.65

2.33

-9.81

401.28

393.90
393.36

390.81
390.33
390.84
390.36
394.21
395.36
392.92

400.11
397.33
395.12
391.05
389.46
389.86

386.95
388.41
389.45
389.02
391.99
392.09
389.01

-1 . 17

-2.85
-3.90

-3.86
-1.92
-1.39
-1.34
-2.22
-3.27
-3.91

-0.45
0.47

-0.86

-2.41
-3.63
-1.69

41



APPENDIX B. (Continued)

County
location Owner

St. Clair
lN10W21.1a BUCK RANGE
lN10W21.4f MO PAC RR (PffiZ #3)
lN10W30.6h PRAIR DUP D&L RW55
lN10W30.8b PRAIR DUP D&L RW69
1N10W31M LLOYD PULCHER
lN10W31.7c LLOYD PULCHER
lN10W31.8d PRAIR DUP D&L RW80
lN10W32.3e L W BffiLLER
lN10W32.5d CLIFFORD CATES
2N08W06.1e KELLER BROS 12
2N08W06.5a C WEISSERT *2
2N08W06.5h KELLER BROS #1
2N08W07.2h2 AUTO WH INC f2
2N08W07.2h3 ATLAS LEATHER #3
2N09W01. Ih MOUND PUB WAT DIST #3
2N09W01.3b A WEISSERT #2
2N09W01.3g MOUND PUB WAT DIS #2
2N09W02.4e CAHOKIA MOUNDS ST PK
2N09W03.2g FS SERVICE INC i\
2N09W04.1a MOBIL CHEM CO
2N09W04.7al ROSELAKE SCHOOL - ME18
2N09W06. Ib I70/I55-RTE203 - ME17
2N09W07.5el CIRCLE PACKING CO #1
2N09W07.5e2 CIRCLE PACKING CO #2
2N09W07.5e3 CIRCLE PACKING CO #3
2N09W07.6al IDOT DEWAT 164 #1
2N09W07.6a2 IDOT DEWAT 164 Wl
2N09W07.6a3 IDOT DEWAT 164 «
2N09W07.6a4 IDOT DEWAT 164 #4
2N09W07.6bl IDOT DEWAT 170 110
2N09W07.6b2 IDOT DEWAT 170 #11
2N09W07.6b3 IDOT DEWAT 170 #12
2N09W07.6c BOWMAN PUMP STA - ME19
2N09W07.6el HUNTER PACKING CO #1
2N09W07.6e3 HUNTER PACKING CO #3
2N09W07.7al IDOT DEWAT 164 #11
2N09W07.7a2 IDOT DEWAT 164 #12
2N09W07.7bl IDOT DEWAT 170 #2
2N09W07.7b2 IDOT DEWAT 170 93
2N09W07.7b3 IDOT DEWAT 170 #4
2N09W07.7b4 IDOT DEWAT 170 *7A
2N09W07.7b5 IDOT DEWAT HO #8A
2N09W07.7b6 IDOT DEWAT HO *9A
2N09W07.8bl IDOT DEWAT HO II
2N09W07.8b2 IDOT DEWAT 170 #5
2N09W07.8b3 IDOT DEWAT 170 #6
2N09W10.5a J E JOUGTARD
2N09W11.4C HYTLA

Water-level
elevation
1985 (ft)

391.65
390.50
391.51
393.28
397.04
395.30
393.24
399.76
401.33

401.56
403.80
402.36

388.56
389.02

380.95
382.94
385.48
385.47
371.74
380.43
385.01

388.91
374.24
383.53
381 .21
369.09
378.77
382.25
380.86
379.63
375.78
375.76
381 .87
410.20

Water-level
elevation
1990 (ft)

390.29
386.13
384.91

392.83
393.51
391.46
400.38
400.64

404.16
402.17

401.08
396.33

390.18

374.35
377.04
378.92
380.27
370.45
371.36

379.49

389.38
376.62

372.14
370.02

376.30
373.48
409.00

Water-level
change

1985-1990
(ft)

-1.36
-4.37
-6.60

-4.21
-1.79
-1.78
0.62

-0.69

2.60
-1.63

1 . 16

-6.60
-5.90
-6.56
-5.20
-1.29
-9.07

0.47
2.38

3.05
-8.75

0.52
-8.39
-1.20
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I

I

III

County
location Owner

St. Clair
2N09W12.5dl BELL HENSON (ex VERNON STAFFORD)
2N09W12.5d2 BILL HENSON HI
2N09W13.7f J COURTNEY
2N09W14.2e BLUFFVffiW PARK - ME21
2N09W14.3d NAGLE
2N09W14.3f C WEISSERT #3
2N09W14.6h FRANK TOJO
2N09W15.5el C WEISSERT #1
2N09W15.5e2 A WEISSERT #1
2N09W16.7a ESL CASTINGS CO
2N09W17.2g CY OF E ST L JONES P
2N09W17.7hl CHAS PFIZER INC #12
2N09W17.7h2 CHAS PFIZER INC #14
2N09W18.1g ATHLETIC FIELD - ME9
2N09W18.6hl EDOT DEWAT 164 #5
2N09W18.6h2 IDOT DEWAT 164 #13
2N09W18.6h3 IDOT DEWAT 164 #14
2N09W18.6h4 IDOT DEWAT 164 #15
2N09W19.7dl OBER NESTOR GLASS CO (SE WELL)
2N09W19.7d2 OBER NESTOR GLASS CO (NW WELL)
2N09W19.8fl CERTAIN-TEED PROD #1
2N09W19.8f2 CERTAIN-TEED PROD #2
2N09W21.4d ESL HIGH SCHOOL - ME20
2N09W23. le RICHARD POPP
2N09W24.6e MTTCHELLS
2N09W26.7e SWS #2
2N09W27.3g2 KENNEDY-KING SCHOOL - ME11
2N09W27.8g HOLTEN ST PK (GRAND MARIOS)
2N09W28.3a De MANGE
2N09W28.4g HOLTEN ST PK (GRAND MARIOS)
2N09W29.8fl CHEMTEK PRODS INC #14
2N09W29.8f2 CHEMTEK PRODS INC #3
2N09W29.8O CHEMTEK PRODS INC #7
2N09W29.8f4 CHEMTEK PRODS INC #10
2N09W29.8f5 CHEMTEK PRODS DSC #12
2N09W29.8f5 CHEMTEK PRODS INC #16
2N09W33.1e VINCE DEMANGE
2N09W34.4h H W THOMAS
2N10W01.2h USS AG CHEMICALS
2N10W01.3a ARMOUR AND CO WELL #2
2N10W11.4el E ST L D&L DIS RW105
2N10W11.4e2 E ST L D&L DIS RW108
2N10W12.2h3 NATIONAL CY COLD STRG #6
2N10W12.3g SWIFT AND CO #17
2N10W12.3hl ARMOR AND CO WELL #4
2N10W12.3h2 SWIFT AND CO #18
2N10W12.6hl ROYAL PACKING CO #1
2N10W12.6h2 ROYAL PACKING CO #2

Water-level
elevation
1985 (ft)

407.57

408.14

405.47

402.10
408.63

397.63
386.69
389.39

386.37
385.26
386.96
387.09
400.53
399.65

396.28

410.88
410.42
408.70

408.91

405.01
405.57

407.57
390.44
392.19

392.87
390.88
395.69
396.02

Water-level
elevation
1990 (ft)

406.34
407.75
406.69
408.68

401.39
406.69

397.02
384.95
389.67
391.53
382.09
379.70

383.77
399.23
398.24
394.40
394.85
404.37
409.98

407.81
406.93

408.32

403.97

403.66

406.07
388.32
390.73

392.85

389.58

Water-level
change

1985-1990
(ft)

-1.23
-1.45

-0.71
-1.94
-0.61
-1.74
0.28

-4.28
-5.56
-3.32
-1.30
-1.41

-1.43

-0.90

-0.89

-0.59

-1.04

-1.50
-2.12
-1.46

-0.02

-6.44
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APPENDIX B. (Concluded)
Water-level

Water-level Water-level change
County elevation elevation 1985-1990
location Owner 1985 (ft) 1990 (ft) (ft)
St. Clair
2N10W12.7g TERMINAL ICE PLANT 396.96 393.43 -3.53
2N10W14.7e MISSISSIPPI RM 179.6
2N10W23.3a3 AM ZINC CO #9 401.46
2N10W23.4c MISSISSIPPI AVE WH
2N10W23.6f ESTLD&LDISRW118 394.62 387.19 -7.43
2N10W23.6g E ST L D&L DIS RW111 395.10
2N10W23.7a E ST L D&L DIS RW136 392.72
2N10W23.7bl E ST L D&L DIS RW126
2N10W23.7b2 E ST L D&L DIS RW135 389.35
2N10W23.7c E ST L D&L DIS RW127 400.60 393.80 -6.80
2N10W24.4fl ROBINSON SCHOOL - ME10 395.30
2N10W25.5dl MOBIL OIL CO - FIRE HOUSE WELL 398.57 398.1 1 -0.46
2N10W25.5d2 MOBIL OIL CO #21 398.89
2N10W25.6e MOBIL OIL CO #6
2N10W25.7b LEFTON IRON & MET #2
2N10W26.1gl MONSANTO CHEM CO #13A
2N10W26.1g2 MONSANTO CHEM CO #8A
2N10W26.2e MONSANTO CHEM CO #SR-2 (TEST WELL)
2N10W26.3g MONSANTO CHEM CO #14
2N10W26.4f MONSANTO CHEM CO #20
2N10W26.5d2 CERRO COPPER&BRASS #5
2N10W26.5d3 CERRO COPPER&BRASS #6 394.92
2N10W26.5d4 CERRO COPPER&BRASS WCD#3 395.51
2N10W26.5d5 CERRO COPPER&BRASS WCD#8 395.67
2N10W26.6g MONSANTO CHEM CO #R-2
2N10W26.8a2 MIDWEST RUBBER RECLAIM #8
2N10W26.8a3 MIDWEST RUBBER RECLAIM #10 395.68 393.15 -2.53
2N10W26.8a5 MIDWEST RUBBER RECLAIM SOUTH RES 394.83
2N10W26.8g SAUGET WASTE TREAT PLANT
2N10W27.2hl MONSANTO CHEM CO #XS-1 TEST WELL
2N10W27.2h2 MONSANTO CHEM CO #S-1 TEST WELL
2N10W27.3g MONSANTO CHEM CO #21
2N10W27.3h MONSANTO CHEM CO RANNEY WELL
2N10W33.1f FOX TERMINAL 395.17 387.62 -7.55
2N10W33.2h ENGINEER DEPOT RM 176.8
2N10W34.5g E ST L D&L DIS RW138 397.10
2N10W34.5h E ST L D&L DIS RW137 390.83
2N10W34.6e E ST L D&L DIS RW159 393.92 389.82 -4.10
2N10W34.7c E ST L D&L DIS RW169 394.09 391.14 -2.95
2N10W34.8b E ST L D&L DIS RW180 394.74 391.39 -3.35
2N10W35.3e SWS DRIVEN PIEZOMETER
2N10W35.7fl PITZMAN SCHOOL - ME12 396.30
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CHAPTER IV

Strategies for Design of Capture and
Containment Remedial Systems

A. Introduction
The first three chapters reviewed the principles of groundwater con-

tamination and summarized the types of field data needed for a proper
analysis of a contamination event. We are now ready to turn to the
central focus, that of design of pumping systems for capture and con-
tainment of groundwater contamination. In this chapter we look at
several alternative strategies for the design of such systems. Chapter V
presents a detailed design methodology, and Chapter VI provides quali-
tative guidelines for design in complex settings.
1. Modes of Occurrence of Groundwater Contamination

The remedial strategy to be employed at a site will depend on the
location and mode of occurrence of groundwater contamination. Fore-
most, it is important to know whether contamination is located in un-
consolidated surficial materials or in fractured bedrock. It is also impor-
tant to know whether the contamination occurs in the unsaturated zone
above the water table or in the saturated zone below the water table, or
both. Finally, it is important to know whether the contaminants are
miscible or immiscible, and if immiscible, whether they are LNAPLs or
DNAPLs. Summarizing these issues, it is apparent that contamination
at a site may occur in one or more of the four following modes: (1) as
residual immiscible contamination in the unsaturated zone, (2) as pools
of immiscible LNAPL contamination floating on the water table, (3) as
pools of immiscible DNAPL contamination at depth in the saturated
zone, and (4) as a dissolved-solute plume of miscible contamination in
the saturated zone.

Because the emphasis of this book is on capture and containment
systems, it should be noted that such systems are best-suited for the
remediation*of dissolved-solute plumes of miscible contamination in the
saturated zone of an unconsolidated aquifer. The complexities discussed
in Chapter VI are primarily those introduced by the presence of frac-
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102 GROUNDWATER CONTAMINATION

tured rock, NAPL pools, and unsaturated-zone contaminat ion. The
existence of any of these complexities, especially if they occur in combi-
nation, may be sufficiently adverse to call into question our ability to
successfully remediate a site.

2. Remedial Strategies and Remedial Technologies
It is important that capture and containment technology be seen

within the context of a wider suite of available remedial technologies.
First, let us differentiate, as the EPA does, between individual remedial
technologies, such as capping or pumping, and a remedial strategy,
which involves the grouping of one or more of these technologies into an
overall remedial plan.

Within this framework, three broad remedial strategies could be de-
veloped for any particular site: (1) no action, (2) monitoring alone, and
(3) monitoring and remedial action.

Given the availability of these three alternative strategies, a five-step
process must be carried out for any site: (1) selection of the appropriate
remedial strategy; (2) defense of the selected remedial strategy to the
appropriate regulatory agencies involved; (3) design of the monitoring
network for those sites requiring monitoring; (4) design of the compo-
nent technologies of the remedial strategy for those sites requiring reme-
dial action; and (5) construction and operation of the remedial systems.

The process used to determine whether remedial action is required at
a site involves four major steps: (1) determining if contaminants are
present in the groundwater, (2) identifying potential receptors of con-
taminated groundwater, (3) calculating potential future contaminant
concentrations at the receptor points, and (4) determining if the concen-
trat ions at the receptor points are acceptable. In the highly regulated
environment that has developed in the United Slates in the past decade,
receptor points usually take the form of regulatory compliance points,
and acceptable concentrations usually take the form of maximum con-
centration limits established by legislation and enforced by State or
Federal regulatory agencies.

If remedial action is required, a large number of remedial technolo-
gies should be considered. Table 4 provides a list of some of the most
commonly considered options. Remedial activities at "Superfund" sites,
authorized under CERCLA over the past few years, provide a growing
body of knowledge about the feasibility of these various technologies in
different hydrogeological environments.

Table 4 shows that remedial action at most Superfund sites has in-
cluded a requirement for some soil excavation. Capping has been widely
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Table 4. Remedial Technologies __ ______________
Objective Remedial Technology
Source Removal Excavation of Soils
Source Containment CappingCutoff Walls
Contaminant Removal: Soil-Vapor Extraction
Unsaturated Zone
Contaminant Removal LNAPL Bailing or Skimming
Saturated Zone
(cleanup) Enhanced RecoveryFlushingSteam Displacement

SurfactantsEnhanced Biodegradation
Extraction

Contaminant Containment: Extraction and Injection WellsSaturated Zone Slurry Walls(migration control) Sheet Piling

used at facilities where sources are of limited areal extent and source
boundaries are well established. Cutoff walls have also been used at a
limited number of sites. Soil-vapor extraction has been widely used but
usually in combination with one or more of the other technologies.
Removal of LNAPL from the water table by bailing or skimming has
become relatively common. Methods based on enhanced biodegrada-
tion, or enhanced recovery through flushing, steam displacement, or the
introduction of surfactants, have been investigated in the laboratory
and, in some cases, at pilot-plant scale but are not yet sufficiently
proven to constitute common alternatives for commercial remediation.

With this brief summary complete, the capture and containment tech-
nology can be placed in context. It has been the most common remedial
technology to date, and it is likely to remain so. In some cases it may be
coupled with excavation, capping, or soil-gas collection, but in most
cases it will be the primary component of the remedial strategy, espe-
cially at sites where dissolved-contaminant plumes have developed in the
saturated zone in unconsolidated surficial aquifers. We again note that
capture and containment systems alone will usually not result in com-
plete aquifer clean up. If clean up is achieved, it will often take decades
or longer. '
3. Objectives of Capture and Containment Systems

As indicated in Table 4 (and discussed earlier in Chapter I.E.4) there
are two very different reasons why one might use pumping wells as a
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component of a remedial strategy. On the one hand, the goal may be
contaminant removal from the plume; the purpose is often hoi-spot
cleanup. On the other hand, the goal may be to eliminate contaminant-
plume migration; in this case, the purpose is containment through mi-
gration control.

For the hot-spot cleanup option, the primary component of a capture
and containment technology will involve extraction wells located within
the plume in the zones of highest concentration. The contaminant-
removal option is most effective for high-solubility contaminants form-
ing a solution with a density close to that of water and little predilection
for sorption or matrix diffusion. Unfortunately, few contaminants meet
these specifications. Extraction wells cannot be expected to be efficient
in removing contaminants that are sorbed on aquifer materials, contam-
inants that have diffused into the matrix of low-permeability materials,
or contaminants that occur as LNAPL or DNAPL pools. The desorp-
tion and matrix-diffusion processes are likely to be slow, and pumping
of many aquifer volumes, more or less in perpetuity, would be required
to attain complete cleanup. LNAPL or DNAPL pools (or even residual
globules, fingers, and ganglia) are equally hard to remove. After all,
petroleum engineer^ only achieve partial recovery of oil and gas from
their reservoirs, even with secondary-recovery waterflooding tech-
niques. It is unlikely that remedial action DNAPL recovery efforts will
be complete. The usual observation in pump-and-treat extraction sys-
tems is that contaminant concentrations decline over time to some low
non-zero value. At that point, large volumes of water are being treated
to remove small quantit ies of contaminants. When pumping is stopped,
concentrations in the groundwater often rise again. We are forced to
conclude that once a subsurface volume of aquifer has been contami-
nated it is difficult, if not impossible, to return the aquifer to its pristine
condition. Even after significant contaminant removal, it is likely that
many groundwater samples taken on the site will still fail to meet maxi-
mum concentration limits.

If we accept this discouraging scenario with respect to contaminant
removal, we must turn to the other potential objective, that of migration
control . Here, the potential for meeting remedial objectives is much
more encouraging. For the migration-control option, it would be com-
mon to use both extract ion wells and injection wells. Their purpose is to
control hydraulic gradients in such a way that the advective plume-front
velocity is reduced to zero, and the contaminant plume is contained
within the volume of aquifer material already contaminated prior to the
instigation of remedial action. Some contaminant-removal wells might
also be included in the design, but with the recognition that complete
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cleanup cannot be expected. It is noteworthy that by providing optimal
containment, enhanced remediation methods such as surfactant injec-
tion or bioremediation may be used.

Our emphasis will be on pump-and-treat systems that are designed
with the objective of hydraulic containment of dissolved contaminant
plumes through migration control.

4. Components of Capture and Containment Systems

Capture and containment systems usually involve several compo-
nents, including (1) extraction wells, (2) injection wells, (3) pipeline
networks, and (4) treatment facilities. Extracted water is treated to
remove contaminants to a level that meets regulatory standards. De-
pending on the situation, the treated water may be reinjected into the
aquifer by means of injection wells, made available for water-supply
use, or released to surface water. The simplest injection/extraction
systems to design are those that do not involve water-supply or surface-
water release, in which case total injection rates can be set equal to
total extraction rates, and local hydraulic gradient control can be
achieved without regional water-level declines. However, it is often
found that design injection rates are hard to sustain due to the clogging
of well screens and well-pack materials.

Potential treatment systems may be based on physical separation
through carbon adsorption or air-stripping, chemical treatment such as
oxidation, or biological treatment involving activated sludge. Carbon
adsorption systems and air-stripping towers have been widely used in the
Superfund program. Potential system designs span the range from indi-
vidual treatment facilities associated with each extraction-injection well
pair to large central treatment facilities connected to the wells by com-
plex pipeline networks. In urbanized areas, the addition of a pipeline
network to an already-complex network of roads, sewers, and service
lines may not be a simple matter. There may be trade-offs between the
costs of complex pipeline networks and the benefits of large central
treatment facilities. Our mandate is limited to the design issues associ-
ated with extraction and injection well networks.

Information on costs of all components of a pump-and-treat system
can be obtained from the CORA software developed by the EPA and is
available through their contractor: CH2M-Hill, Mid-Atlantic Office,
P.O. Box 4400, Reston, VA 22090.
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B. A Framework for Design
In this subsection we begin to address the question of how to design a

network of extraction wells and injection wells for the purpose of
plume-migration control.

In a more general context, the process of engineering design involves
a sequence of decisions between alternatives. Alternatives are estab-
lished so that they meet the technical objectives of the project. In most
projects it is necessary to meet these objectives within a set of technical,
legal, political, or economic constraints. Engineering alternatives are
differentiated from one another on the basis of their technical compo-
nents. The variables that can be used to define and differentiate alterna-
tives are known as decision variables. Decision variables may take on
discrete values, giving rise to discrete alternatives; or they may be con-
tinuous functions, giving rise to a continuous range of alternatives.

Designers base their decisions on an economic analysis of the alterna-
tives. The design framework must provide a link between the economic
milieu in which decisions are made and the results of the technical analy-
ses on which decisions are based. A discussion of the various methods
that can be used to determine which alternative is "best" is postponed
until Chapter IV.C. Let us first clarify the concepts associated with
alternatives, objectives, constraints, and decision variables for the case
at hand.
1. Decision Variables, State Variables, and Hydrogeological

Parameters
The alternatives that can be identified for a capture and containment

system revolve around the well-network geometry. The decision vari-
ables include (1) the number and location of extraction wells, (2) the
number and location of injection wells, (3) the pumping and/or injec-
tion rates for each well, and (4) the pumping and/or injection schedules
for each well. These are the variables that can be specified, managed, or
controlled by the design engineer. The purpose of the design process is to
identify the best combination of these decision variables. If we specify
the pumping rate, Q, as a function of space and time (positive for
extraction, negative for injection), then all four of the decision variables
identified above are essentially collected into a single decision variable,
Q(x,y,t).

All the design approaches described in this chapter involve the use of
a simulation model of groundwater flow and transport. In its most
general form, the simulation model has a hydraulic component based on
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the flow equation and a contaminant component based on the transport
equation. The state variables in this context are the hydraulic head,
which is the dependent variable in the flow equation, and the concentra-
tion, which is the dependent variable in the transport equation. In
steady-state simulations, the state variables are functions of position; in
transient simulations, they are functions of position and time. Many
contaminant simulations couple a steady-state hydraulic model with a
transient transport model.

Hydrogeological parameters include all media properties such as po-
rosity, hydraulic conductivity, transmissivity, storativity, dispersivity,
and the like. In heterogeneous media these parameters may vary through
space, but they usually do not vary with time.

The input to a transient transport simulation must include informa-
tion on the spatial distribution of the hydrogeological parameters, to-
gether with information on the initial conditions and boundary condi-
tions. Output from the simulation takes the form of predicted changes
in the state variables through space and time. In some cases, output
includes calculations of auxiliary variables, which are additional, con-
veniently defined output quantities such as velocities, gradients, travel
times, or capture zone dimensions.

2. Objective Functions

For this discussion, assume that the goal of our pumping scheme is
the containment of a contaminant plume such that no further downgra-
dient migration of the plume front occurs. There may be a number of
alternative well networks that can meet this goal within the types of
constraints discussed in the following subsection. Such feasible alterna-
tives are compared with one another on the basis of an economic objec-
tive function.

From the perspective of the engineer (or the owner-operator he or she
represents), we can define an objective function as the net present value
of the expected stream of remedial costs, taken over an engineering
planning horizon, and discounted at the market interest rate. If an
objective function, Zj, is defined for each j = 1 . . . . N alternatives,
then the goal is to minimize Zj, where

Zj= £ TTi-id iCjWi (so



108 GROUNDWATER CONTAMINATION
\

and Zj = objective function for alternative j [$],
T = planning horizon [years],
i = annual discount rate [decimal fraction], and

Cj(t) = costs of alternative j in year t [$].

For a remedial pump-and-treat scheme, the costs include the capital
costs associated with site investigation, well installation, and treatment-
facility construction; and the operational costs associated with pumping
and treatment over the life of the project. If the alternatives all have
similar total pumping rates, then the costs associated with treatment will
be more-or-less common for all alternatives and they can be removed
from the comparative analysis. Furthermore, the differences in capital
costs between alternatives are often small, and the relative merits of the
alternative pump-and-treat network designs are decided on the basis of
their relative pumping costs (where the term pumping includes both
extraction and injection).

In Chapter V, the optimization procedures are carried out with an
objective function that emphasizes total pumping. In fact, if treatment
costs are the dominant expense and are assumed to depend only on
pumping rates, then the total pumping rate is an economic surrogate for
the total cost in the objective function. As shown in Chapter V.D.3, this
leads to a linear objective function that can be solved with a linear-
programming algorithm. If, on the other hand, pumping costs are the
dominant expense and are assumed to be a function of both the pump-
ing rate and the total lift to bring water from the well bore to the
surface, a quadratic objective function results and a quadratic-
programming approach is needed.

There are many other technical objectives, other than those associ-
ated with minimizing pumping, that could be formulated in an objective
function. For example, the objective function might reflect an attempt
to minimize the maximum drawdown, maximize the minimum hydraulic
head, or minimize the sum of squared deviations from target heads,
drawdowns, gradients, or velocities. There are also alternative economic
criteria to that of maximizing net present value. There are criteria based
on minimizing maximum regret, where regret is defined as the opportu-
nity loss suffered by making a non-optimal decision. There are criteria
that give greater weight to alternatives that exhibit robustness over a
wide range of potential technical or economic conditions. It is also
possible to formulate multiobjective problems in the same framework as
the one we have described for a single objective, but of course solution
methodologies are more complex. Having drawn attention to some of
the complexities, we proceed now along the simpler and more conven-
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tional track based on a single-objective, cost-minimization objective
function.

3. Constraints
The objective must be met, and alternatives compared, within a set of

constraints derived from technical, economic, legal, or political condi-
tions associated with the remedial project. There may be constraints on
decision variables, state variables, or auxiliary variables. They may take
the form of either equalities (e.g., drawdown must equal 10 meters) or
inequalities (e.g., drawdown must not exceed 10 meters).

Constraints on decision variables may involve the number of wells
or their pumping rates. With respect to pumping rates, it may be neces-
sary to meet a certain demand or, on the contrary, it may be necessary
not to exceed a certain capacity. There may be limitations on rates for
individual wells or on total well field pumping. There may be limita-
tions on the rates themselves or possibly on the changes in rates that
are acceptable. In extraction/injection scenarios, there may be a re-
quirement that the two be balanced or that a particular imbalance be
maintained.

Constraints on the state variables might include requirements that
hydraulic heads be maintained above a certain level or below a certain
level or that contaminant concentrations not exceed regulatory stan-
dards at a compliance point.

Constraints on auxiliary variables could include limitations on the
magnitudes of drawdowns, gradients, or velocities; or the restrictions of
gradients or velocities to certain directions. In the design of pump-and-
treat systems for migration control, the overall technical objective of
attaining containment of a contaminant plume may often be replaced by
a series of gradient-control constraints.

The linear- and quadratic-programming optimization techniques de-
scribed in Chapter V are capable of identifying the alternative that mini-
mizes cost while simultaneously satisfying all of the constraints.

4. Program Integration

The design process for remediation of contaminated groundwater
involves a sequence of at least three steps: (1) design of a site investiga-
tion program, (2) design of the remedial well network, and (3) design of
a monitoring network. Each step involves a decision among alternatives.
How many holes will be drilled during site investigation? How many
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wells are needed in the pump-and-treat network? What monitoring-well
spacing is required?

In this book, the design framework is limited to the design of the
remedial well network itself. However, it is important to emphasize
that a successful remedial action is dependent on (I) a proper site
invest igat ion prior to design of the remedial action and (2) a thorough
performance assessment program during and after construction of the
remedial system. We have discussed data needs in Chapter III, and we
address performance assessment in Chapter Vll. The point to be made
here is that the same design framework used for the remedial network,
with decision variables, objectives, and constraints, can also be used
for the design of site investigation programs and monitoring
networks.

Better yet, the framework might be expanded to allow an integrated
design process that allows the engineer to assess economic trade-offs
between the various steps. Would it be better, for example, to use mini-
mal site investigation and conservative design; or would it be better to
carry out a detailed site investigation in the hopes of buying reduced
construction costs. The owner-operator would like to know how to par-
tition his or her resources among the competing requirements of site
investigation, remedial action, and monitoring. While this type of ex-
panded and integrated design process is desirable, it has not yet been
developed into on-the-shelf technology and, therefore, a detailed meth-
odology is not presented here.

5. Deterministic and Stochastic Analysis

The process of engineering design involves making decisions under
condit ions of uncertainty. This is particularly so in engineering projects
that require a knowledge of the hydrogeological environment, where
uncertainty as to the system's properties and expected conditions is far
greater than in most traditional engineering practice. There is uncer-
ta inty associated with the parameter values needed for design calcula-
tions and with the very geometry of the system being analyzed. The
uncertainties of lithology, stratigraphy, and structure introduce a level
of complexity to hydrogeological analysis that is completely unknown in
most other engineering disciplines.

Recognition of these uncertainties has led hydrogeological researchers
to adapt geostatist ical techniques, first developed in the mineral explora-
tion field, to a hydrogeological context. Geostatistical interpretations of
field data can be used to generate probabil ist ic interpretations, whereby
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our uncertainty as to the geometry of the geologic system and the values
of hydrogeological parameters within the geologic system can be placed
in a quantitative framework.

This leads to two possible approaches to the simulation component of
the design framework: deterministic analysis and stochastic analysis. In
a deterministic analysis, all initial conditions, boundary conditions, and
hydrogeological parameter values are assumed to be known with cer-
tainty. In a stochastic analysis, one or more of these features is repre-
sented as having a distribution in probability.

The classical approach to ground water modelling is deterministic.
The modeller estimates the most likely parameter values and then makes
a single simulation to estimate the most likely output values. Determinis-
tic modelling is often carried out in conjunction with sensitivity analysis,
whereby a set of simulations are run to investigate the influence of
changes in input parameters on output variables. This provides a quanti-
tative assessment of the impact of changes in parameter values across
the range of uncertainty, but it does not associate a probability with each
of the possible outcomes.

In one type of stochastic analysis, geostatistical methodology is in-
voked to generate a set of equally likely realizations of the hydrogeologi-
cal environment at a site. The simulation model is applied to each
realization.

With this approach, the final answer is not merely a set of single-
valued output variables. Instead, each variable at each location at each
point in time has a probability density function associated with it. The
mean value can be interpreted as the most likely value; it should be equal
to the value calculated using a deterministic simulation. The variance
can be interpreted as a measure of the uncertainty in the output variable
generated by the uncertainty in input parameters.

There are a variety of possible methods of stochastic analysis, but the
most commonly used one is that of Monte Carlo analysis as described
above. This technique involves multiple runs with the exact same simula-
tion model that would require only one run in a deterministic analysis.
Stochastic analysis is thus much more computer-intensive than determi-
nistic analysis.

We introduce these stochastic concepts in preparation for the next
part of this chapter, wherein the differentiation between decision analy-
sis and optimization analysis rests in part on an understanding of these
concepts. However, when it comes to our recommended design proce-
dures, both the simulation-analysis approach in Chapter IV.D and the
optimization approach in Chapter V are carried out in a deterministic
rather than a stochastic framework.
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C. Alternative Approaches to Design
Figure 4 summarizes the various options that have been considered in

our discussion of a design framework for pump-and-treat remedial sys-
tems. The asterisks identify the decisions we have reached with respect
to the various options, at least insofar as they apply to the quantitative
design methods presented in this chapter and the next. These design
methods are limited to saturated conditions and are best suited to un-
consolidated aquifer materials or bedrock aquifers that are porous and/
or sufficiently fractured to be treated as an equivalent porous medium.
They can be applied to both uniform and non-uniform steady flow and
under transient flow conditions. It is assumed that the objective of the
remedial system is migration control of a dissolved-solute plume. Both
analytical and numerical simulation methods are utilized, but they are
limited to a hydraulic treatment of the problem that assumes the pri-
macy of advective transport. We assume a deterministic fra'mework that
does not take uncertainty into account, except possibly by means of a
sensitivity analysis. Our objective function is one that minimizes cost.

With these conditions in mind, four alternative approaches to design
are identified at the bottom of Figure 4: (1) simulation, (2) simulation
plus optimization, (3) simulation plus decision analysis, and (4) qualita-
tive guidelines. These alternatives are more clearly laid out on Figure 5,
where we differentiate between simple systems, optimizable systems,
and non-optimizable systems. For simple systems, application of a simu-
lation model alone may suffice as an approach to design. Optimizable
systems make use of a simulation model coupled to an optimization
procedure or a decision-analysis procedure. Non-optimizable systems
are too complex to satisfy the assumptions required by the simulation
model, the optimization procedure, or the decision-analysis procedure;
in such cases, we must revert to a design process based on qualitative
guidelines.

Figure 5 shows three approaches for optimizable systems. These re-
quire further discussion. They differ from one another in three ways: (1)
the upper approach uses a deterministic simulation model; the middle
and lower approaches are stochastic; (2) the upper and middle ap-
proaches use an optimization model; the lower uses decision analysis;
and (3) the upper optimization model uses linear and quadratic pro-
gramming; the middle one uses nonlinear programming. The difference
between deterministic and stochastic analysis has been discussed above.
The difference between linear and nonlinear programming will be de-
scribed in Chapter V. The difference between optimization and decision
analysis is discussed next.
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Figure 4. Summary of design options tor pump-and-treat remedial systems;
asterisks indicate conditions best suited to pump-and-treat remediation.
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Figure 5. Differentiation of alternative remedial approaches.

All of the alternative approaches to design in Figure 5 are based on
field data collection as discussed in Chapter III, and all require a
performance-assessment module as discussed in Chapter VII.
1. Simulation

Simulation analysis alone can be used for simple systems as suggested
in Figure 5, or it can be used for scoping and screening alternatives prior
to the application of optimization procedures in more complex systems.
The methods are "on-the-shelf" and widely used. A more detailed dis-
cussion of their application to the design of well networks for pump-
and-treat remedial systems appears in Chapter IV.D.
2. Simulation Plus Optimization

Optimization involves the determination of optimal values for a set of
decision variables in an engineering system. Optimality is defined with
respect to a specified objective function and is subject to a set of
constraints.

Of the many available optimization techniques, the one that has
proven most popular and tractable for coupling with groundwater simu-
lation models is linear programming. It requires a linear objective func-



CAPTURE AND CONTAINMENT REMEDIAL SYSTEMS DESIGN 115

t ion, linear constraints, and linear flow equations in the simulation
model. If the latter two linearities are retained, it is possible to move
from a linear to a quadratic objective function and remain in the same
optimization framework. Gorelick ( 1983) provides a review of linear and
quadratic optimization techniques applied to groundwater problems.
Lefkoff and Gorelick ( 1987) provide a user's manual for their linear and
quadratic optimization program, AQMAN, which is the program de-
scribed and recommended in Chapter V. This program is "on-the-shelf"
and can be applied directly to the design of extraction-well/injection-
well networks. Gorelick and Wagner (1986) and Lefkoff and Gorelick
( 1986) report applications to aquifer remediation.

The requirement for linear flow equations in the simulation model
limits applications to treating systems as confined aquifers. The meth-
ods presented in Chapter V are applicable to unconfined aquifers only if
the drawdowns and buildups in hydraulic head created by the extraction
and injection wells are small in comparison with the total saturated
thickness of the aquifer. Under these conditions, the confined-aquifer
equations can be applied to an unconfined aquifer with little loss in
accuracy. There are also simple iterative methods whereby the nonlinear
equations can be linearized (cf. Danskin and Gorelick, 1985). This tech-
nique is alstrdemonstrated in Chapter V:

At the research level, restrictions with respect to nonlinearity have
been fully removed (Ahlfeld et al., 1988a, 1988b) . Gorelick et al. ( 1984)
discuss aquifer reclamation design with a simulation/optimization meth-
odology that allows either linear or nonlinear objective functions, con-
straints, and flow and transport equations. Unfortunately, documented
manuals for the programs used in that study are not yet available.

It has been traditional to apply simulation/optimization techniques in
a deterministic framework, and this is the most common framework
utilized in "on-the-shelf" optimization packages. Researchers have in-
vestigated the effects of uncertainty on optimization problems through
stochastic analysis (cf. Gorelick, 1987; Ward and Peralta, 1990). There
are two ways that a linear program can be applied in a stochastic frame-
work. Stochastic linear programming treats the coefficients of the objec-
tive function and/or the constraints as random variables, but the con-
straints hold with probability equal to one. Chance-constrained
programming states the constraints probabilistically. The coefficients
are treated deterministically but the constraints are only satisfied on an
expected value basis. Wagner and Gorelick (1987) present a chance-
constrained nonlinear optimization solution to the plume-capture prob-
lem. Tung ( 1986) describes a chance-constrained model in a ground-
water management context. Ward and Peralta (1990) present an



116 GROUNDWATER CONTAMINATION

"on-the-shelf" code that is capable of solving chance-constrained or
deterministic optimization problems for short-term emergency plume
containment.
3. Simulation Plus Decision Analysis

Decision analysis involves the determination of the best alternative
(that is, the best values for a set of decision variables) from a discrete set
of specific alternatives. For example, we might wish to decide between a
particular three-well extraction system and a particular five-well extrac-
tion system. Decision analysis is less general than optimization in that
optimization provides the optimal alternative from the set of all possible
alternatives, whereas decision analysis provides only the best alternative
from a specified set of alternatives. On the other hand, it is less limited
with respect to linearity than are linear-programming optimization
techniques.

There is a fundamental difference in the treatment of objectives and
constraints between optimization and decision analysis. In an optimiza-
tion framework, the objective function involves only the costs [Equation
(51)], or in some other applications, the costs and benefits. The perfor-
mance requirements on the engineered system appear as constraints. In a
decision-analysis framework, the potential failure to meet performance
requirements produces risks, and the risks are given dollar value and
included with the benefits and costs in the objective function. The goal
becomes to maximize Z-, over j = 1. . . ..N alternatives, where

(52)? r ?I = 0

and Bj(t) = benefits of alternative j in year t [J],
Cj(t) = costs of alternative j in year t [$], and
Rj(t) = risks of alternative j in year t [J].

The risks, Rj(t), associated with alternative j in year t are defined as
Rj(t) = [Pfj(t)] [Cfj(t)] (53)

where Pfj(t) = probability of failure of alternative j in year t [decimal
fraction], and

Cfj(t) = cost associated with a failure of alternative j in year t
[$]-
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For a remedial pump-and-treat scheme designed to provide migration
control for a contaminant plume, failure would be defined by the spread
of contamination into previously uncontaminated areas of the aquifer.
This could occur by contaminants slipping downstream through the well
network or by lateral migration of contaminants across the presumed
capture-zone boundaries. A failure of the system would be associated
with a failure to meet constraints on the magnitude and/or direction of
drawdowns, gradients, or velocities. Whatever the reasons, there will be
expected costs associated with potential failures. These could take the
form of regulatory penalties, loss of goodwill in the community, possible
facility closure, and/or the costs of further remedial action.

In many risk-analysis textbooks (cf. Crouch and Wilson, 1982),
Equation (53) has a third factor on the right-hand side. It is a term that
allows one to take into account the risk-averse nature of some decision
makers. We will not address this issue.

The primary point to be made here is that decision analysis with a
risk-cost-benefit objective function requires a stochastic analysis. The
probability-of-failure term in the objective function can be determined
with a simulation model operating in Monte Carlo mode. The Monte
Carlo simulations are carried out on a set of geostatistically generated
realizations of the hydrogeological regime that reflects our uncertainty
as to the geological system, hydrogeological parameter values, and/or
initial plume distribution. It is this input uncertainty that creates output
uncertainty and the output uncertainty that creates risk. There is risk
associated even with respect to the "best" design geometry we can pro-
duce for the network of remedial wells.

Risk can be reduced by a commitment to additional costs, either for
additional site investigation, which reduces input uncertainty, or for an
increased number of pumping wells, which provides a more conservative
remedial design. The "best" design from the owner-operator's perspec-
tive is the one that maximizes Zj, not one that satisfies any predeter-
mined acceptable level of risk. One might contrast this approach with a
chance-constrained optimization scheme, which is also a stochastic ap-
proach. There, the probability of failure to meet a constraint is not
usually coupled with the cost of failure; and the optimal solution is
usually determined for a specified probability of failure, Pf, (or reliabil-
ity, 1 - Pf), a process that is similar in principle to setting an a priori
acceptable risk.

In summary, decision analysis is less general than optimization, and it
is well-suited to a risk-based philosophy of engineering design. Its great-
est weakness lies in the difficulties associated with quantifying the antici-
pated cost of failure. The coupling of a stochastic simulation model and
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a decision-analysis model is one of the possible design approaches for an
optimizable system. This approach has recently been espoused by Mass-
mann and Freeze (1987), but thus far their applications have been di-
rected toward the design of new waste-management facilities rather than
remedial action, and documented computer programs are not yet "on-
the-shelf." We cannot recommend the approach as an alternative to
optimization at this time. Nevertheless, future developments in this area
are worth watching for, and a more detailed outline of the philosophy
and methodology is included in Appendix A of this book.

D. Simulation Analysis
In very simple hydrogeologic settings or for scoping and initial screen-

ing of alternatives, simulation analysis applied alone, without subse-
quent optimization, can be an instructive design tool. It requires, as a
start, an understanding of capture zones.
1. Capture Zones

The design framework for contaminant-plume migration control with
a pump-and-treat remedial system is based on the concept of capture
zones.

Capture zones are best explained for steady-state flow conditions in a
horizontal, confined aquifer. Consider a small portion of such an aqui-
fer, with a regional hydraulic gradient as shown in Figure 6a, and or-
thogonal regional flow directions as shown in Figure 6b. Now assume
that it has been pumped for a sufficiently long time to attain steady-state
conditions. A drawdown cone will have developed in the hydraulic head
field as shown in Figure 6c, and the associated flow lines will be as
shown in Figure 6d. Water will be drawn into the well from the stippled
capture zone. It is located primarily on the (preoperational) upgradient
side of the well but includes a small region of the downgradient side as
well. Point B is a stagnation point.

The capture zone associated with an extraction well is defined as that
portion of the aquifer that contains groundwater that will eventually be
captured and discharged by the well. It does not include the entire area
of perturbed heads, unless the velocity of the preoperational, natural
flow system is zero.

Use of the capture-zone concept in remedial design should be clear
from Figure 6d. If a contaminant plume exists within the stippled re-
gion, it will not migrate outside the capture-zone boundaries of Well A.
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Figure 6. Capture-zone concept.
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Given a contaminant-plume geometry, the design goal for a migration-
control system is to establish a well network that will create a capture
zone that encompasses the entire plume.

It must be emphasized that capture zones are a purely hydraulic con-
cept. They therefore address only the advective component of contami-
nant transport. For this component, one can define time lines as shown
in Figure 7. A plug of water inside the 1-year time line will be captured
by Well A within 1 year. If a plume were totally encompassed by the 20-
year time line as shown in Figure 7, one might be tempted to think that
all contamination would be drawn into the well in 20 years. However, as
noted earlier in our discussion of the limitations to total contaminant
removal, this is not likely to be the case due to the influences of sorp-
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Figure 7. Time lines associated with the advective components of contaminanttransport.

tion, matrix diffusion, and the possible presence of non-aqueous phase
liquids.

Figure 8 shows a single injection well in a uniform flow field. By
reversing the frame of reference, one can define a rejection zone associ-
ated with an injection well as that portion of the aquifer that will eventu-
ally contain only injected water. All regional flow lines are diverted
around it. As with a capture zone, it does not include the entire area of
the buildup cone generated by the injection well, unless the velocity of
the preoperational, natural flow system is zero. Here the stagnation
point is just upstream from the well.

Figure 8. Single injection well in a uniform flow field.
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(b)

Figure 9. Flow regimes for (a) extraction/injection well pair and (b) paired line of
extraction and injection wells.

Figure 9a shows the flow regime for an extraction/injection well pair,
and Figure 9b shows a paired line of extraction and injection wells. In
the latter case, the stagnant point becomes a stagnant zone. In both
cases, migration control is achieved with little impact on regional flow.

The concept of a capture zone was introduced into the groundwater
literature by Keely and Tsang ( 1983) and has been popularized through
the widely used monograph of Javandel et al. (1984) and the paper based
on it by Javandel and Tsang (1986). These latter papers provide general
analytical solutions for capture-zone geometry for a two-dimensional
representation of a homogeneous, isotropic confined aquifer under uni-
form, steady flow.

Under such conditions, capture-zone width is directly proportional to
the pumping rate, Q [L3/T], and inversely proportional to the product
of aquifer thickness, b [L], and the regional specific discharge, q [L/T].
Javandel et al. ( 1984) provide capture-zone type curves for single- and
multiple-well extraction systems. Figure 10 reproduces a set of their type
curves showing capture zones for a four-well extraction system for sev-
eral values of the parameter Q/bq. Note that because q = KI and T =
Kb, the parameter of Q/bq can also be expressed as Q/TI where T is
aquifer transmissivity and I is the magnitude of the regional flow
gradient.

The limitations on the analytical expressions for capture-zone geome-
try are quite severe, but most of them can be removed by using a numeri-
cal model to calculate the postoperational flow net. With numerical
models, one can treat heterogeneous and anisotropic systems, uncon-
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Figure 10. Capture zones for a four-well extraction system.

fined aquifers, nonuniform preoperational flow, and complex
extraction/injection well networks. Shafer (1987a, 19875) provides
examples of such an approach. Figure lla shows the hydraulic-
conductivity pattern for one of his examples. Figure lib shows the
hydraulic-head distribution that results from the placement of a single
pumping well in such an aquifer, and Figure lie shows the 20-year
capture zone for this well.

With the concepts associated with capture zones clearly in hand, we
can proceed to show how they can be used in a simulation-based design
procedure.

We will describe two approaches, one that applies to uniform-flow
capture-zone analysis and one that applies to nonuniform-flow capture-
zone analysis. The first uses analytical solutions and the programs RE-
SSQ (Javandel et al., 1984) or DREAM (Rounds and Bonn, 1989). The
second uses numerical solutions based on MODFLOW (McDonald and
Harbaugh, 1984) and the programs GWPATH (Shafer, 1987b) or MOD-
PATH (Pollock, 1989).
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Figure 11. Capture-zone geometry using numerical models.

2. Uniform-Flow Capture-Zone Analysis
This subsection will address the design of a pumping-well network in

a homogeneous, isotropic, horizontal confined aquifer, in which the
preoperational, natural flow field is one of uniform, steady flow, like
that shown earlier in this chapter in Figures 6a and 6b. In this simple
system, the transient drawdown from an extraction well, or the transient
buildup from an injection well, can be calculated using the Theis equa-
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t ion , and the final steady-state drawdown or buildup is given by the
Thiem equation, as summarized in Chapter II. G of this book.

The theory on which the method is based is usually carried out on
two-dimensional, planar, steady-state flow fields. It is fully developed in
the monograph by Javandel et al. ( 1984). It relies on the concept of a
complex velocity potential, <f>, which is defined as

4> (x,y) = <Mx,y) + iy/(x,y), (54)

where <J>(x,y) = complex velociiy potential [L2/T],
0(x,y) = potential function [L'/T],

i = v-T, and
M/(x,y) = stream function |L2/T].

The velocity potential <f>, is related to the hydraulic head, h, by
4> = Kh. (55)

Because K is a constant for the homogeneous media to which th is
analytical development applies, there is no reason not to divide the three
terms of Equation (54) by K to produce a complex head potential:

P(x,y) = h(x,y) + iw(x.y) (56)

where P(x,y) = <J>/K = complex head poieniial [ L ] ,
h(x,y) = </>/K = hydraulic head [L ] , and
w(x,y) = g//K = modified stream function [L ] .

The stream function of a flow system with a known potential func-
tion is obtained from the relationships:

which simply state that h and w are everywhere orthogonal.
The components of specific discharge are given directly by Darcy's

law:

a, = -K ) . (58)

For a flow system that is influenced both by uniform regional gradi-
ent s , and a number of extraction or injection wells, the equations that
define h and w can be developed on the basis of the superposition
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principle. They are well-known from classical potential theory (Javandel
et al., 1984):

h(x,y) = -1 (xcosa + ysina) - £ (-^M In f(x - Xi)2 + (y - yi)2J (59)
i = I

w(x,y) = -1 (ycosa - xsina) - tan"' i (60)
. _ . \^T * / \" ~ "i/

where 1 = preoperational, regional hydraulic gradient [decimal
fraction]; note that 1 is always positive;

a = angle between regional flow direction and positive x
axis [degrees or radians];

(x,y) = coordinates of point at which h and w are being eval-
uated [L];

Qi = pumping rate of ith well [L3/T], positive for injection,
negative for extraction;

n = number of wells;
(Xj.yi) = coordinates of ith well [L]; and

T = transmissivity of aquifer [L2/T].

The first term in Equations (59) and (60) is due to the regional gradi-
ent. The second term is due to the pumping wells; the similarities in (59)
to the Thiem equation (34) should be evident.

With Equations (59) and (60) it is possible to calculate h(x,y) and
w(x,y) for a large number of locations, (x,y), and hence to map the two
functions for any particular set of n pumping wells at locations, (xif yO,
with pumping rates, Q,. Figure 6c, presented earlier in this chapter, is an
example of an h(x,y) plot determined from Equation (59). Figures 6d, 8,
and 9b are examples of w(x,y) plots determined from Equation (60).

Differentiating (59) with respect to x and y and multiplying through
by -K, as indicated by Equation (58), provides analytical expressions for
the components of specific discharge, q, and qy:
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n
q,(x,y) = KI sina + Y, U§T ,/. , d " ?. . . >2 . I (62)

The components of the average linear velocity, Vx and Vy, are then
given by

V, = qx/n<. Vy = qy/ne (63)

where nc is the effective porosity of the aquifer. This is the velocity at
which contaminants move through the aquifer toward an extraction well
during remediation. Calculations of V(x,y) can be used to develop plots
of remedial time lines like those shown earlier in Figure 7.

For contaminants that are retarded, the velocity components are
given by

Vx = q,/ntRf Vy = qy/neRf (64)

where Rf is the retardation factor, as defined in Chapter II. F. No compa-
rably simple method is available to take into account dispersion or ma-
trix diffusion in an analytic, hydraulics-based model.

The analytical methodology presented in this chapter can also be used
to determine capture-zone geometry. Javandel and Tsang (1986) use
Equation (60) to develop an equation for the dividing streamlines that
separate the capture zone of a single well, pumping at Q, from the rest
of the aquifer (Figure 12). For a = 0, it is given by

Solving this equation for x = 0 and x = oo allows one to calculate the
distance between the dividing streamlines at the line of wells and far
upstream from the wells. One can also calculate the downstream dis-
tance from the well to the stagnation point by solving for x at y = 0. For
a single extraction well, these distances are given by Q/2TI, Q/T1, and
Q/2irTI. Javandel and Tsang (1986) calculate these values for one-, two-
and three-well extraction systems; Table 5 records their results. They
also provide capture-zone type curves of the kind shown earlier in Figure
10 for one-, two-, three-, and four-well extraction systems.

Coming finally to the point of well-network design, Javandel and
Tsang (1986) use their analysis to calculate the maximum distance that
can exist between multiple wells such that capture zones are continuous
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Figure 12. Equation tor the dividing streamlines separating the capture zone of a
single well from the rest of an aquifer.

and no flow tubes (or contaminants) can slip between the extraction
wells. For two or three equally spaced wells, located along a line perpen-
dicular to the regional gradient, and all pumping at the same rate,
Javandel and Tsang provide the recommended spacings listed in the
right-hand column of Table 5.

The design methodology for a one-, two-, or three-well extraction
system using Table 5 involves a trial-and-error procedure with a set of
alternative well networks. One tries to identify the lowest cost network
that will meet the following specifications, given measured values for
aquifer transmissivity, T, and regional hydraulic gradient, I:

1. The capture-zone geometry, as indicated by the values given in Table 5
for the distance between dividing streamlines, must be adequate to
encompass the known boundaries of the contaminant plume.

2. The pumping rate, Q, to be applied at each of the wells, must not
create drawdowns in excess of any constraints on the available draw-
down at the wells.

3. The distances between the wells must be equal to or less than the
recommended distances given in Table 5.

It must be emphasized that use of Table 5 to design remedial well
networks will not lead to an optimal design. The limitations on the
analytical solutions on which the table is based are too severe. It will
provide a design that works for a pre-specified number of wells, all on a
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— Streamline

Figure 13. Predicted streamlines for the design network.

line, and all pumping at the same rate. The optimal solution might
involve irregular spacings and/or pumping rates.

The concepts and methodology of this chapter have been embodied in
a computer code named RESSQ. It is fully documented by Javandel et
al. (1984). Given a homogeneous, isotropic, confined aquifer and a
system of regional flow, which together with a set of extraction and/or
injection wells, creates a steady-state flow field, RESSQ calculates and
plots the streamline pattern in the aquifer. With a trial-and-«rror ap-
proach, one can examine the capture-zone geometry of any set of irregu-
larly spaced wells, pumping at any desired rates. RESSQ has been in-
cluded as the simulation component of a nonlinear optimization model
(Greenwald and Gorelick, 1989).

RESSQ is not the only available code for producing streamline pat-
terns. Rounds and Bonn 0989) describe a similar program called
DREAM that is a user-friendly, menu-driven program designed specifi-
cally for personal computer application. They describe in more detail
than Javandel et al. (1984) the complications that arise in the program-
ming and plotting procedures due to the multivalued tan'1 function that
appears in Equation (60). RESSQ is available through the International
Ground Water Modelling Center at the Colorado School of Mines,
Golden, CO 80401. DREAM is available from Lewis Publishers, 121
South Main Street, P.O. Box 5 19 , Chelsea, MI 481 18 .

Cosgrave et al. (1989) have used a RESSQ-type code in the remedial
design of a gradient-control well network at a coal-tar refinery in Illi-
nois. Figure 13 shows the predicted streamlines for the design network.
Routine monthly measurements of water-level elevations in a monitor-
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ing network during the year following installation of the remedial pro-
gram showed that the system quickly reached steady state and is per-
forming as designed.
3. Nonuniform-Flow Capture-Zone Analysis

In aquifers that are heterogeneous and anisotropic, the preopera-
tional steady-state regional flow system is not likely to be uniform.
Rather, it will show spatial variations in direction and gradient induced
by the pattern of high- and low-permeability layers, lenses, and trends.
Similarly, steady-state drawdown and buildup cones induced by extrac-
tion and injection wells are unlikely to be symmetric; they too will
exhibit more complex patterns under the influence of permeability dis-
tributions. In these circumstances, RESSQ and DREAM are no longer
suitable. The assumptions underlying their analytical basis are no longer
satisfied.

It is, however, still possible to utilize deterministic simulation analysis
to aid in the design of remedial well networks. It will be necessary to use
a finite-difference or finite-element model that is capable of producing
steady head distributions in heterogeneous media. There are many such
flow-net simulators available. Perhaps the most widely used is
MODFLOW, the USGS finite-difference model. This program is capa-
ble of transient simulation in three dimensions, and it has many options
that allow consideration of wells, drains, streams, recharge, and evapo-
transpiration. However, it is written in a modular style that is well-suited
to invoking the simpler option package we require: steady-state flow in
two dimensions with wells. McDonald and Harbaugh ( 1984) provide
easy-to-follow user instructions in their program book. MODFLOW can
be run either on a mainframe computer or on a personal computer.

The output from MODFLOW is in the form of hydraulic-head values
at finite-difference nodal points; the program does not provide pathline
output. To obtain such output, one must use a post-processor program
that constructs pathlines from potential-field output. Shafer (1987b) has
developed such a program in his GWPATH code. It is an interactive
software package for calculating pathlines and travel times in a two-
dimensional planar flow field. It allows either forward or reverse
pathline track ing, capture-zone analysis, and multiple-pathline capture
detection mechanisms. The USGS program, MODPATH (Pollock,
1988 ; 1989) , uses a particle-tracking scheme to develop pathlines for
three-dimensional outflow from MODFLOW.

MODFLOW and GWPATH or MODPATH can be used in a trial-
and-error format for well-network design in nonuniform flow fields in
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heterogeneous, anisotropic aquifers in the same way that RESSQ or
DREAM is used in uniform flow fields in homogeneous, isotropic aqui-
fers. Given the patterns of aquifer transmissivity, T(x,y), and regional
gradients, I(x,y), the well locations, (x;, y{), and pumping rates, Gj, are
established such that drawdowns are acceptable and the plume is com-
pletely contained within the capture-zone geometry.

Once again, our caveat must be stated. Simulation alone using
MODFLOW and GWPATH or MODPATH does not produce an opti-
mized design, only one that is designed to work. In order to produce a
design that minimizes a cost-based objective function, while satisfying
all constraints, the simulation model must be coupled to an optimization
procedure, as described in Chapter V.
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1.0 DESIGN OVERVIEW
Sauget Area 2 Site R is located in the American Bottoms area on the east bank of the
Mississippi River and downgradient of Sauget Area 2 Sites O, Q (Dog Leg) and S; Sauget
Area 1 Sites G, H, I and L; the W.G. Krummrich plant and other industries in the Sauget
Area. Sauget Area 2 Site R is a capped area approximately 2000 feet wide (perpindicular to
groundwater flow) and 500 feet long (parallel to groundwater flow). Below Sauget Area 2
Site R, affected groundwater extends from close to the water table to bedrock (typically from
30 feet to an average 120 feet below ground surface).

This document presents the preliminary design of a jet-grouted barrier wall for construction
at the downgradient boundary of Sauget Area 2 Site R. Section 2.0 of this document
provides additional information concerning jet grouting technology; Section 3.0 presents
overall cost data; Section 4.0 discusses the physical setting of the proposed barrier wall along
with the physical dimensions; Section 5.0 presents the general procedures to be followed
during grout wall construction; and Section 6.0 details the quality control measures to be
followed.
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2.0 JET GROUTING TECHNOLOGY DESCRIPTION
High-pressure jet grouting is a demonstrated, innovative and cost-effective emplacement
method for the construction of subsurface physical, containment barriers. Jet grouting
methods were developed in the early 1970s in Japan and later introduced into Europe in the
late 1970s and into the United States in the 1980s. The technology was originally developed
for use on conventional civil engineering projects such as excavation support. Methods of jet
grouting are based on a water-cutting technology that include a single-rod system (injecting
grout alone), a double-rod system (injecting grout and air), or a triple-rod system (injecting
grout, air, and water). Typically, a Portland cement grout or cement-bentonite grout is used.

Jet grouting involves injecting a grout mixture at very high pressures (up to 5,000-6,000
pounds per square inch) and velocities as great as 1 ,000 feet per second (ft/s) into the pore
spaces of the surrounding soil formation. Drilling is performed using rotary or percussion
drilling techniques and an external water flush with special drill rods and bids. Following the
advancement of the drill rods to the design depth, the jet-grouting process commences. The
jetted grout cuts, replaces, and mixes the soil with cementing material to form an
impermeable soil-grout admixture. The soil structure is destroyed as grout and soil are
mixed, forming a homogenous mass. Many structures and geometries can be achieved by
altering the parameters of the grouting process. Rotation of the drill rod, as it is being
removed, will form a column. A panel is formed by extracting the drill rod without rotation.
Jet grouting can be used in soil types ranging from gravel to clay, and the soil type will alter
the diameter of the grout column or thickness of panel formed. Soil properties also affect
efficiency. For instance, jet grouting in clay is less efficient than in sand.

The general advantages and disadvantages of this technology are listed below:

Advantages
• Can stabilize a wide variety of soil types ranging from gravels to heavy clays;
• Soil heterogeneity has less impact on wall placement compared to other grouting

methods;
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• Starting from a small borehole, large diameter columns or panels can be created;
• In situ methods eliminate excavation requirements and generate minimal spoils;
• Can install wall (inject) in confined places that might otherwise limit installation;
• Can be installed at depths up to 150 - 200 feet;
• Final strength and permeability of stabilized soil can be predetermined;
• Can drill at any angle forming both vertical and horizontal control barriers; and
• Jet grout unit is mobile, permitting drilling using both rotation and percussion

methods.

Disadvantages
• Injection pressure and volume must be closely monitored to ensure continuity;
• Boreholes can become misaligned;
• Obstruction of jet nozzle can create problems;
• Different soil types and densities affect grout mixture requirements;
• Gaps between panels or thin spots may lead to cracking; and
• Separation or tears may occur as barriers harden.

ROUX ASSOCIATES, INC.
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3.0 GENERAL COST DATA
The expected installed cost based on literature reports and discussions from pressure grouting
contractors range from $10 to $30 per vertical square foot (length of wall multiplied by the
depth of borings).

ROUX ASSOCIATES, INC.
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4.0 PHYSICAL SETTING
The physical barrier will be constructed by advancing soil borings into the subsurface on 3-
foot centers along a line parallel to the west side of Site R located in Sauget Area 2. This line
will be offset approximately 50 feet west of the Site R downgradient perimeter, and will
parallel the Mississippi River. The linear length of the parallel section of the wall will be
approximately 2,000 feet as shown on Figure 1. Each of the soil borings will be spaced three
feet apart so that the perimeter of resultant soil-grout columns intersect on both sides (see
Figures 2 and 3). The depth of each boring will be to the surface of the underlying bedrock
formation, which is approximately 120 feet below ground surface on average. Thus, the
barrier wall will fully penetrate the unconsolidated formation.

After the depth is achieved in each boring, the drilling string and nozzle will be extracted
while injecting a cement-bentonite slurry into the surrounding formation. While the
extraction/injection procedure is in process, the injection nozzle will be rotated to form a
cement-bentonite column as described above. A single rod system will be used to construct
the grout wall (i.e. only grout mixture will be injected, no air or water.) The air used in a
double-rod system reduces friction loss allowing the grout to travel further; however, the
presence of air reduces the strength of the mixture. In a triple-rod system, the grout
physically replaces the soil and is not truly an in situ mixing method. After construction of
the 2,000-foot parallel section of the wall, two individual 750-foot sections will be extended
at each end of the parallel section along the southern and northern boundaries of Site R
(Figurel). These sections will turn back towards Route 3 (Mississippi Avenue), away from
the Mississippi River, and terminate west of the United States Army Corp of Engineers
(USAGE) Floodwall. The sections will be constructed using the same methods previously
described and will be advanced to the same depth.
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5.0 PHYSICAL BARRIER WALL CONSTRUCTION PROCEDURES
The general procedures to be followed during the construction of the barrier wall are
presented in this section. Additional details pertaining to the barrier wall construction are
provided in the technical specifications in Appendix A. Prior to construction, the contractor
will be required to perform preliminary testing as detailed in the technical specifications to
optimize certain design parameters. Additionally, the contractor will be required to develop
a detailed description of work scope and methods that is to be approved by Solutia Inc. and
design engineer prior to commencement of construction.

5.1 Barrier Wall Location
Solutia Inc. will provide the general layout of the barrier layout prior to contractor
mobilization. The location of barrier wall will be identified at the ground surface by
surveyor's stakes for flags (markings) that will be placed on 50-foot intervals. Each of the
markings will be clearly labeled to identify the location (station) on the barrier wall. The
barrier wall stationing will begin at station "0+00" on the southeast tip of the proposed wall
location and proceed westward. The final station of the southern leg will be at 750 feet, or
station "7+50". Beyond this point, the section parallel to the Mississippi River will begin
and continue 2000 feet northward to station "27+50". Finally, the northern leg will begin
and continue eastward to station "35+00".

The survey stations will be placed by a registered land surveyor in the State of Illinois and
will be the responsibility of Solutia Inc. A construction drawing identifying each of these
stations will be provided after this design is approved by the United Stated Environmental
Protection Agency (USEPA.)

5.2 Pre-Construction Testing
The technical specifications call for several pre-construction tests to be performed prior to
construction. The purpose of these tests is to determine critical field conditions such as soil
types, soil density (blow counts), water table elevation, etc. that are necessary to complete the
final design. After completion of all pre-construction testing, a Work Plan will be developed
by the contractor that will specify all parameters which are dependent upon the pre-
ROUX ASSOCIATES, INC. 6
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construction testing results (such as cement-bentonite types and mixtures, injection pressures,
boring spacings, nozzle types, etc.) The contractor's Work Plan must be approved by Solutia
Inc, and the design engineer prior to mobilization.

5.3 Contractor Mobilization
During the review of the contractor's Work Plan, the contractor must present a total list of all
equipment and personnel (including subcontractors) that are requested to be mobilized to the
site. The following equipment is anticipated to be necessary for barrier wall construction:

• Medium to large sized jetting rig;
• Data acquisition system to monitor the jetting parameters;
• Bulk materials (primarily dry cement and bentonite);
• High pressure pumping system;
• Jetting nozzle assembly and specialized drill string;
• Spoils control equipment (vacuum truck and spoils control box); and
• Construction trailer and portable toilets (provided by Solutia Inc.).

All workers (including subcontractors) must be trained and current with their Occupational
Safety and Hazards Administration (OSHA) 40-hour hazardous waste operator
(HAZWOPER) training. Subsequent to Solutia Inc. approval, the contractor will be
authorized to mobilize all equipment and personnel to the site. Solutia Inc. will provide a
field trailer and portable toilet facilities for contractor's use during construction activities.
After construction has commenced, the contractor must receive approval from Solutia Inc.
prior to bringing any additional equipment or personnel onto the site.

5.4 Barrier Wall Construction Procedures
As previously stated, the contractor will be responsible for providing a scope of work and
Work Plan which lists the procedures to be followed during construction. However, the
general procedures are listed below:
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• Locate the centers of each of the borings to be advanced along the surveyed wall
perimeter. These locations will represent the centers of each of the borings to be
advanced.

• Set up the drill rig over the first boring to be advanced.
• Drill a soil boring to the interface of soil and competent bedrock.
• Ensure that all loose spoils have been evacuated from the borehole (note that only

minor amounts of spoils are anticipated since the soil is primarily sand).
• Commence pumping the jetting slurry at the desired flow rate and pressure into the

drill string and out of the cutting nozzle.
• Begin extracting the drill string and rotating the nozzle at a controlled rate while the

jetting is occurring.
• Continue the extraction, rotation, and jetting process until the jet nozzle is near the

ground surface.
• Discontinue jetting and collect all spoils that may have accumulated from the

borehole during the jetting process. The spoils are to be stored in containers in
designated spoils return area and are to be underlain and covered by a protective
lining.

• Decommission the drill rig, clean up area where boring was advanced, and set up
rig over next boring location.

5.5 Contractor Demobilization
Prior to finalization of this project, contractor must remove all equipment and personnel from
the site, restore the site to pre-construction condition, and participate in a site walk with
Solutia Inc. personnel or an appointed representative. Any concerns about site restoration by
Solutia Inc. will be discussed during the site walk and subsequently repaired by contractor.
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6.0 CONSTRUCTION QUALITY CONTROL (CQC)
The effectiveness and long-term performance of the barrier wall depends upon the level of
construction quality control that is implemented during construction activities. The contractor
is responsible for preparing a CQC Plan, and Solutia Inc. and the design engineer must
approve this plan prior to mobilization. The main emphasis of the CQC plan is to maintain
wall continuity and maintain the desired impermeability. Thus, at a minimum, the measures
described below must be implemented to ensure that these aspects are addressed.

6.1 QC Prior to Grouting
Obtain soil samples from the test site for geotechnical and compatibility testing of the
resulting soil-grout mixture. This will determine the susceptibility to permeation by any
chemical contaminants, if present. The permeability of the soil matrix and the available void
space will dictate the water/cement ratio for a specified grout mixture, grout pressure, and
hole spacing. Wall thicknesses will determine the spacing of the grout hole array. The
quality of the grout mixture can be determined by pouring a sample into a tray 1-inch deep
and leaving it to set overnight. Break the sample open the next day and observe a vertical
section. If banding is present within the section, it is an indication of poor mixing.

6.2 QC During/After Construction
Because the equipment used in jet grouting is highly computerized, a trained and experienced
operator is required to monitor the process. During the injection, readouts of flow rates,
injected quantities, and materials used are generated, and based on data interpretation, the
process can be modified to those desired. Some other important construction controls
include the following:

• Monitor grout pressures for changes in subsurface conditions.
• Determine the water/cement ratio in the field by measuring the specific gravity of

the grout and relating it to published tables.
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Measure the field permeability of the barrier by performing slug tests at three
depths (top, middle and bottom) at one location along the 2,000-foot long
downgradient portion of the barrier.
Core the 2,000-foot long downgradient portion of the barrier at three locations to
determine the laboratory permeability of one sample from the top, one sample from
the middle and one sample from the bottom of the barrier.
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JET-GROUTING SPECIFICATION

PART 1 GENERAL

1.1 SUMMARY

A. The contractor shall be responsible for construction of the jet-grouted columns
in all the locations and types of application shown on the drawings. The work
covered in this Section consists of furnishing labor, material, and equipment for
construction of jet-grouted columns for physical containment of ground water as
specified herein.

B. Section includes: Materials, equipment, and procedures for the installation of
soil-cement columns by the single fluid jet-grouting method.

1.2 REFERENCES

A. API (American Petroleum Institute)-RP 13B-l-Recommended Practice
Standard Procedure for Field Testing Water - Based Drilling Fluids.

B. ASTM - American Society for Testing and Materials

C 39 Standard Test Method for Compressive Strength of
Cylindrical Concrete Specimens.

C 150 Standard Specification for Portland Cement.
C 494 Standard Specification for Chemical Admixtures for

Concrete.
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C618 Standard Specification for Coal Fly Ash or Calcined
Natural Pozzolan for Use as a Mineral Admixture in
Concrete.

C 1017 Standard Specification for Chemical Admixtures for
Use in Producing Flowing Concrete.

D 2488 Standard Practice for Description and Identification of
Soils (Visual-Manual Procedure).

1.3 DEFINITIONS

A. Jet Grouting - A technique utilizing a special drill bit and injection monitor
with radial horizontal nozzles. This process produces soil-cement columns by
pumping a neat cement grout slurry through horizontal jets which cuts and mixes
in situ with the surrounding materials as the drill bit is slowly rotated and
withdrawn. Only the single fluid method of jet grouting will be allowed for this
project to minimize spoil return.

1.4 QUALIFICATIONS

A. Due to the specialized nature of the jet-grouting portion of the work, the
Owner reserves the right to be satisfied as to the specific qualifications and
experience of the organization(s) who will furnish the materials and perform the
work.

B. The Contractor shall submit with his bid evidence that he is experienced and
competent to perform the jet-grouting work of this contract. This evidence will
insure that the Contractor will have sufficient competent experienced grouting
personnel to carry out the operations specified. The Contractor shall have
completed at least fifteen projects of similar scope and magnitude with the
specified jet-grout injection system to demonstrate acceptable proficiency to the
satisfaction of the Engineer.
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C. Evidence of the assigned project superintendent's experience in the
supervision of jet-grouting work shall also be provided by the Contractor with his
bid. The superintendent shall be present at the work site at all times during jet-
grouting operations.

1.5 SUBMITTALS

A. Provide working drawings and method descriptions, including computations,
presenting the following information:

1 . 5 . 1 Jet-Grouting Plan: The contractor shall submit a Jet-Grouting Plan
prior to mobilization of jet-grouting equipment to the site. The plan
shall describe the proposed plant and equipment to the site. The plan
shall describe the proposed plant and equipment, layout of plant and
equipment, location of the boreholes, methods of drilling and
supporting boreholes, construction sequence and schedule, and the
layout and procedures of the test program to establish jet-grouting
parameters.

1 . 5 . 2 Qualifications: The contractor shall submit evidence satisfactory to
the Owner that the jet-grouting supervisor is experienced in jet
grouting in subsurface conditions similar to those expected at the site
and that the contractors proposed method of jet-grout column
construction does not differ from his specific experience. The
submittal shall contain a detailed listing of completed jet-grouting
projects including, but not limited to, client name, client reference
name and telephone contact number, project location, construction
dates, and a brief summary of the project.
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1.5.3 Water: The contractor shall submit water quality tests results for any
non-potable water proposed for the grout.

1 .5 .4 Mix Design of Soil and Grout. The contractor shall submit a mix
design report for the soil and grout mix as proposed with
representative soil (at the natural moisture content) from the site and
the water to be used during construction. The report shall include the
source of mix materials, mix proportions, density of mix, and
unconfmed compressive strength at 3 and 28 days of the mix.

1 .5 .5 Cementitious Materials: Certificates of Compliance attesting that the
cementitious materials meet the requirements of the specifications
shall be submitted. Cementitious material will be accepted on the
basis of a manufacture's certificate of compliance, accompanied by
mill test reports that the material(s) meet the requirements specified
herein.

1 .5 .6 Jet Performance Records: The Contractor shall submit daily records of
the execution of test and production grouting.
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PART 2 PRODUCTS

2.1 MATERIALS

A. Cement: Portland Cement, ASTM-C-150, Type I or Type II.

B. Water: Clean, potable, and free from all organic materials, strong acids, or
alkalies.

C. Admixtures: Other materials and/or admixtures may be used in the mix,
provided they are shown necessary in order to satisfy strength, permeability,
or other technical requirements and are approved by the Owner's
representative.

D. Grout Mix: The grout mix utilized shall be as required to provide the
completion of the jet-grouted columns as defined by these specifications, and
as verified by test of the cement grout program results. The specific gravity
shall be not less than 1 .6 .

2.2 EQUIPMENT

A. General

1. Spare parts and /or equipment shall be available on site to maintain jet-grouting
equipment in satisfactory operating conditions at all times during execution of the
jet-grouting work.

B. Drilling Equipment

1. The drilling equipment provided by the Contractor shall be of a type and capacity
suitable for advancing the jet rods to the depth required, and shall provide that
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control necessary to slowly rotate and withdraw the jet rods at those rates
determined necessary for the formation of the jet-grouted column. Equipment
shall be capable of working in conditions as required by this project.

C. Grouting Equipment

1. Mixer(s): Grout mixers, holding tanks, and associated equipment shall be of a
type and capacity for continuously producing a uniform grout mixture at the
times, and in the quantities, required for timely prosecution of the work.

2. Jet-Grouting Pump(s): High pressure pumps capable of delivering grout at the
flow rates and pressures required for injection performance of the work in
accordance with these specifications, and at a minimum pressure of 7000 psi.
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PART 3 EXECUTION

3.1 DESIGN

A. The soil-cement column layout and column design shall be performed by the
Jet-Grouting Contractor who shall be experienced in the construction of jet-grout
columns as specified.

3.2 INSTALLATION

A. Prior to jet grouting, the Contractor shall install heave/settlement
instrumentation as shown on the instrumentation plan. The Contractor shall be
responsible for verifying all underground interferences shown on the drawings.

B. Drill holes shall be advanced at the locations and to the design depth as shown
on the jet-grout Contractor's design drawings. Any field modifications must be
acceptable to the Engineer.

C. An appropriate device shall be seated at the end of the jet rods to initiate
lateral flow through jet nozzles located on the sides of the jet rods.

D. Subject to the results of the test program, the Engineer may require
modifications in the jet-grout column production to achieve satisfactory results.
Depending on the extent of modifications necessary, the Contractor may be
required to repeat the construction of a test section.

E. Grout, soil, and water spoil return shall be contained and disposed of by the
Contractor, in accordance with the specifications.

F. The drilling and grouting sequence shall be such that an adequate distance is
left between the freshly installed columns and any previously installed adjacent or
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nearby columns unless adjacent columns are drilled with a water/cement mixture.
A minimum set time of eight hours shall be provided before installing an adjacent
column, except where adjacent columns are drilled with a water/cement mixture.

3.3 TEST PROGRAM

A. Prior to production work, a test program shall be conducted by the Contractor
in accordance with the accepted work plan. The test program shall be used to
optimize the various parameters including grout mix, grout pressures, rotational
speed, lifting rate, grout flow rate, number and size of grout jet nozzles, and
drilling methods. The test program and its results will be observed and reviewed
by the Engineer. The test program shall be installed in areas near the planned
production work and in soils similar to that anticipated to be found during
production work.

B. Execute test program in accordance with the procedures submitted and
accepted by the Engineer.

C. Each test section shall consist of a minimum of three sets of two jet-grouted
columns installed to the same bottom elevation specified for the production jet-
grouting work.

D. Subject to the results of the test program, the Engineer may require
modifications in the jet-grout column production to achieve satisfactory results.
Depending on the extent of modifications necessary, the Contractor may be
required to repeat the construction of a test section.

3.4 PRODUCTION WORK

A. Use the same equipment, materials, and procedures as those determined in the
test program to perform production jet-grouting work as described herein.
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3.5 QUALITY CONTROL

A. Uniformity of grout mixture shall be measured by the Contractor by taking
unit weight (density) measurements of the mixed grout by mud balance, taken at
the mix plant. Frequency shall be at least one measurement per 2,000 gallons of
grout mixed and pumped. Appropriate records shall be kept by the Contractor and
submitted to the Engineer to verify that grout mixture(s) are as accepted.

B. Continuous recording of jet-grouting parameters shall be provided for each
production column to verify consistency with the approved test program results.

3.6 DAILY REPORTS

A. Submit daily reports during the performance of test and production jet
grouting providing the information listed below. A sample of the report form
proposed for use by the Contractor shall be submitted to the Engineer for approval
prior to the start of work.

1. Jet-Grout column number.
2. Time and date of beginning and completion of each grout column.
3. Grout mix data, including mix proportions and specific gravity

measurements.
4. Grout pumping pressures used to construct each grout column.
5. Grout flow rates for each grout column.
6. Rates of rotation and withdrawal of jet rods for each grout column.
7. Total grout quantity used for each column.
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Designation: C 39/C 39M - 01

Standard Test Method forCompressive Strength of Cylindrical Concrete Specimens1
This standard is issued under the fixed designation C 39/C 39M; the number immediately following the designation indicates the year
of original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last rcapproval.
A superscript epsilon (t) indicates an editorial change since the last revision or reapproval.
This standard has been approved for use by agencies of the Department of Defense.

1. Scope *
1.1 This test method covers determination of compressive

strength of cylindrical concrete specimens such as molded
cylinders and drilled cores. It is limited to concrete having a
unit weight in excess of 50 lb/ft3 [800 kg/m3].

1.2 The values stated in either inch-pound or SI units are to
be regarded separately as standard. The SI units are shown in
brackets. The values stated in each system may not be exact
equivalents; therefore, each system shall be used independently
of the other. Combining values from the two systems may
result in nonconformance with the standard.

1.3 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

1.4 The text of this standard references notes which provide
explanatory material. These notes shall not be considered as
requirements of the standard.
2. Referenced Documents

2.1 ASTM Standards:
C 31 Practice for Making and Curing Concrete Test Speci-
mens in the Field2

C 42 Test Method for Obtaining and Testing Drilled Cores
and Sawed Beams of Concrete2

C 192 Practice for Making and Curing Concrete Test Speci-
mens in the Laboratory2

C 617 Practice for Capping Cylindrical Concrete Speci-
mens2

C 670 Practice for Preparing Precision and Bias Statements
for Test Methods for Construction Materials2

C 873 Test Method for Compressive Strength of Concrete
Cylinders Cast in Place in Cylindrical Molds2

C 1077 Practice for Laboratories Testing Concrete and Con-
crete Aggregates for Use in Construction and Criteria for
Laboratory Evaluation2

C 1231 Practice for Use of Unbonded Caps in Determina-
1 This test method is under the jurisdiction of ASTM Committee C09 on

Concrete and Concrete Aggregates and is the direct responsibility of Subcommittee
C09.61 on Testing Concrete for Strength.

Current edition approved Feb. 10, 2001. Published March 2001. Originally
published as C 39 - 21 T. Last previous edition C 39 - 99.J Annual Book of ASTM Standards, Vol 04.02.

tion of Compressive Strength of Hardened Concrete Cyl-
inders2

E 4 Practices for Force Verification of Testing Machines3
E 74 Practice for Calibration of Force-Measuring Instru-
ments for Verifying the Load Indication of Testing Ma-
chines3

Manual of Aggregate and Concrete Testing2

2.2 American Concrete Institute:
CP-16 Concrete Laboratory Testing Technician, Grade I4

3. Summary of Test Method
3.1 This test method consists of applying a compressive

axial load to molded cylinders or cores at a rate which is within
a prescribed range until failure occurs. The compressive
strength of the specimen is calculated by dividing the maxi-
mum load attained during the test by the cross-sectional area of
the specimen.
4. Significance and Use

4.1 Care must be exercised in the interpretation of the
significance of compressive strength determinations by this test
method since strength is not a fundamental or intrinsic property
of concrete made from given materials. Values obtained will
depend on the size and shape of the specimen, batching, mixing
procedures, the methods of sampling, molding, and fabrication
and the age, temperature, and moisture conditions during
curing.

4.2 This test method is used to determine compressive
strength of cylindrical specimens prepared and cured in accor-
dance with Practices C 31, C 192, C 617 and C 1231 and Test
Methods C 42 and C 873.

4.3 The results of this test method are used as a basis for
quality control of concrete proportioning, mixing, and placing
operations; determination of compliance with specifications;
control for evaluating effectiveness of admixtures and similar
uses.

4.4 The individual who tests concrete cylinders for accep-
tance testing shall have demonstrated a knowledge and ability
to perform the test procedure equivalent to the minimum
guidelines for certification of Concrete Laboratory Technician,
Level I, in accordance with ACI CP-16.

3 Annual Book of ASTM Standards, Vol 03.01.4 Available from American Concrete Institute, P.O. Box 9094, Farmington Hills,
MI 48333-9094.

•A Summary of Changes section appears at the end of this standard.
Copyright OASTM. 100 Ban Harbor Drive. West Conshodocken. PA 19428-2959. United States.
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NOTE 1—The testing laboratory performing this test method should be

evaluated in accordance with Practice C 1077.
5. Apparatus

5.1 Testing Machine—The testing machine shall be of a
type having sufficient capacity and capable of providing the
rates of loading prescribed in 7.5.

5 . 1 . 1 Verification of calibration of the testing machines in
accordance with Practices E 4 is required under the following
conditions:

5 . 1 . 1 . 1 After an elapsed interval since the previous verifi-
cation of 18 months maximum, but preferably after an interval
of 12 months,

5 . 1 . 1 .2 On original installation or relocation of the machine,
5 . 1 . 1 .3 Immediately after making repairs or adjustments

that affect the operation of the force applying system of the
machine or the values displayed on the load indicating system,
except for zero adjustments that compensate for the mass of
bearing blocks, or specimen, or both, or

5 . 1 . 1 .4 Whenever there is reason to doubt the accuracy of
the results, without regard to the time interval since the last
verification.

5. 1 .2 Design—The design of the machine must include the
following features:

5 . 1 .2 . 1 The machine must be power operated and must
apply the load continuously rather than intermittently, and
without shock. If it has only one loading rate (meeting the
requirements of 7.5), it must be provided with a supplemental
means for loading at a rate suitable for verification. This
supplemental means of loading may be power or hand oper-
ated.

NOTE 2—High-strength concrete cylinders rupture more intensely Ihan
normal strength cylinders. As a safety precaution, it is recommended that
the testing machines should be equipped with protective fragment guards.

5.1 .2.2 The space provided for test specimens shall be large
enough to accommodate, in a readable position, an elastic
calibration device which is of sufficient capacity to cover the
potential loading range of the testing machine and which
complies with the requirements of Practice E 74.

NOTE 3—The types of elastic calibration devices most generally avail-
able and most commonly used for this purpose are the circular proving
ring or load cell.

5 . 1 .3 Accuracy—The accuracy of the testing machine shall
be in accordance with the following provisions:

5 . 1 .3 . 1 The percentage of error for the loads within the
proposed range of use of the testing machine shall not exceed
±1.0% of the indicated load.

5 . 1 .3 .2 The accuracy of the testing machine shall be verified
by applying five test loads in four approximately equal
increments in ascending order. The difference between any two
successive test loads shall not exceed one third of the differ-
ence between the maximum and minimum test loads.

5 . 1 . 3 .3 The test load as indicated by the testing machine and
the applied load computed from the readings of the verification
device shall be recorded at each test point. Calculate the error,
E, and the percentage of error, Ef, for each point from these
data as follows:

E = A- B (1)

Ep = 100(A - B)/B
where:
A = load, Ibf [kN] indicated by the machine being verified,

and
B = applied load, Ibf [kN] as determined by the calibrating

device.
5 . 1 .3 .4 The report on the verification of a testing machine

shall state within what loading range it was found to conform
to specification requirements rather than reporting a blanket
acceptance or rejection. In no case shall the loading range be
stated as including loads below the value which is 100 times
the smallest change of load estimable on the load-indicating
mechanism of the testing machine or loads within that portion
of the range below 10 % of the maximum range capacity.

5 . 1 .3 .5 In no case shall the loading range be stated as
including loads outside the range of loads applied during the
verification test.

5 . 1 . 3 .6 The indicated load of a testing machine shall not be
corrected either by calculation or by the use of a calibration
diagram to obtain values within the required permissible
variation.

5.2 The testing machine shall be equipped with two steel
bearing blocks with hardened faces (Note 4), one of which is a
spherically seated block that will bear on the upper surface of
the specimen, and the other a solid block on which the
specimen shall rest. Bearing faces of the blocks shall have a
minimum dimension at least 3 % greater than the diameter of
the specimen to be tested. Except for the concentric circles
described below, the bearing faces shall not depart from a plane
by more than 0.001 in. [0.02 mm] in any 6 in. [ 150 mm] of
blocks 6 in. [ 150 mm] in diameter or larger, or by more than
0.001 in. [0.02 mm] in the diameter of any smaller block; and
new blocks shall be manufactured within one half of this
tolerance. When the diameter of the bearing face of the
spherically seated block exceeds the diameter of the specimen
by more than 0.5 in. [13 mm], concentric circles not more than
0.03 in. [0.8 mm] deep and not more than 0.04 in. [ 1 mm] wide
shall be inscribed to facilitate proper centering.

NOTE 4—It is desirable that the bearing faces of blocks used for
compression testing of concrete have a Rockwell hardness of not less than
55 HRC.

5.2. 1 Bottom bearing blocks shall conform to the following
requirements:

5 .2 . 1 . 1 The bottom bearing block is specified for the pur-
pose of providing a readily machinable surface for mainte-
nance of the specified surface conditions (Note 5). The top and
bottom surfaces shall be parallel to each other. If the testing
machine is so designed that the platen itself is readily main-
tained in the specified surface condition, a bottom block is not
required. Its least horizontal dimension shall be at least 3 %
greater than the diameter of the specimen to be tested.
Concentric circles as described in 5.2 are optional on the
bottom block.

NOTE 5—The block may be fastened to the platen of the testing
machine.

5.2 . 1 .2 Final centering must be made with reference to the
upper spherical block. When the lower bearing block is used to



C 39/C 39M
assist in centering the specimen, the center of the concentric
rings, when provided, or the center of the block itself must be
directly below the center of the spherical head. Provision shall
be made on the platen of the machine to assure such a position.

5.2 . 1 .3 The bottom bearing block shall be at least 1 in. [25
mm] thick when new, and at least 0.9 in. [22.5 mm] thick after
any resurfacing operations.

5.2.2 The spherically seated bearing block shall conform to
the following requirements:

5.2.2.1 The maximum diameter of the bearing face of the
suspended spherically seated block shall not exceed the values
given below:

Diameter of
Test Specimens,

in. [mm]
Maximum Diameter

Ot Bearing Face,
ia [mm]

2 [50]
3 [75]
4 [100]
6(150]
8 [200]

4 [105]
5(130]
65 ( 165 ]

10 [255]
11 [280]

NOTE 6—Square bearing faces are permissible, provided the diameter
of the largest possible inscribed circle does not exceed the above diameter.

5.2.2.2 The center of the sphere shall coincide with the
surface of the bearing face within a tolerance of ±5 % of the
radius of the sphere. The diameter of the sphere shall be at least
75 % of the diameter of the specimen to be tested.

5.2.2.3 The ball and the socket must be so designed by the
manufacturer that the steel in the contact area does not
permanently deform under repeated use, with loads up to
12 000 psi [85 MPa] on the test specimen.

NOTE 7—The preferred contact area is in the form of a ring (described
as preferred" bearing" area) as shown on Rg. 1.

5.2.2.4 The curved surfaces of the socket and of the spheri-
cal portion shall be kept clean and shall be lubricated with a
petroleum-type oil such as conventional motor oil, not with a
pressure type grease. After contacting the specimen and appli-
cation of small initial load, further tilting of the spherically
seated block is not intended and is undesirable.

T MUST BE NO LESS TM»N (R- r

TEST SPECIMEN

Nora 1—Provision shall be made for holding the ball in the socket and
for holding the entire unit in the testing machine.

FIQ. 1 Schematic Sketch of a Typical Spherical Bearing Block

5.2.2.5 If the radius of the sphere is smaller than the radius
of the largest specimen to be tested, the portion of the bearing
face extending beyond the sphere shall have a thickness not
less than the difference between the radius of the sphere and
radius of the specimen. The least dimension of the bearing face
shall be at least as great as the diameter of the sphere (see Fig.
1).

5.2.2.6 The movable portion of the bearing block shall be
held closely in the spherical seat, but the design shall be such
that the bearing face can be rotated freely and tilted at least 4°
in any direction.

5.3 Load Indication'.
5.3.1 If the load of a compression machine used in concrete

testing is registered on a dial, the dial shall be provided with a
graduated scale that is readable to at least the nearest 0.1 % of
the full scale load (Note 8). The dial shall be readable within
1 % of the indicated load at any given load level within the
loading range. In no case shall the loading range of a dial be
considered to include loads below the value that is 100 times
the smallest change of load that can be read on the scale. The
scale shall be provided with a graduation line equal to zero and
so numbered. The dial pointer shall be of sufficient length to
reach the graduation marks; the width of the end of the pointer
shall not exceed the clear distance between the smallest
graduations. Each dial shall be equipped with a zero adjust-
ment located outside the dial case and easily accessible from the
front of the machine while observing the zero mark and dial
pointer. Each dial shall be equipped with a suitable device that
at all times until reset, will indicate to within 1 % accuracy the
maximum load applied to the specimen.

NOTE 8—Readability is considered to be 0.02 in. [0.5 mm] along the arc
described by the end of the pointer. Also, one half of a scale interval is
readable with reasonable certainly when the spacing on Ihe load indicating
mechanism is between 0.04 ia [1 mm] and 0.06 in. [2 mm]. When the
spacing is between 0.06 and 0.12 in. [2 and 3 mm], one third of a scale
interval is readable with reasonable certainty. When the spacing is 0. 12 in.
[3 mm] or more, one fourth of a scale interval is readable with reasonable
certainty.

5.3.2 If the testing machine load is indicated in digital form,
the numerical display must be large enough to be easily read.
The numerical increment must be equal to or less than 0. 10 %
of the full scale load of a given loading range. In no case shall
the verified loading range include loads less than the minimum
numerical increment multiplied by 100. The accuracy of the
indicated load must be within 1.0 % for any value displayed
within the verified loading range. Provision must be made for
adjusting to indicate true zero at zero load. There shall be
provided a maximum load indicator that at all times until reset
will indicate within 1 % system accuracy the maximum load
applied to the specimen.
6. Specimens

6.1 Specimens shall not be tested if any individual diameter
of a cylinder differs from any other diameter of the same
cylinder by more than 2 %.

NOTE 9—This may occur when single use molds are damaged or
deformed during shipment, when flexible single use molds are deformed
during molding or when a core drill deflects or shifts during drilling.

6.2 Neither end of compressive test specimens when tested
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shall depart from perpendicularity to the axis by more than 0.5°
(approximately equivalent to 0.12 in 12 in. [3 in 300 mm]). The
ends of compression test specimens that are not plane within
0.002 in. [0.050 mm] shall be sawed or ground to meet that
tolerance, or capped in accordance with either Practice C 617
or Practice C 1231 . The diameter used for calculating the
cross-sectional area of the test specimen shall be determined to
the nearest 0.01 in. [0.25 mm] by averaging two diameters
measured at right angles to each other at about midheight of the
specimen.

6.3 The number of individual cylinders measured for deter-
mination of average diameter is not prohibited from being
reduced to one for each ten specimens or three specimens per
day, whichever is greater, if all cylinders are known to have
been made from a single lot of reusable or single-use molds
which consistently produce specimens with average diameters
within a range of 0.02 in. [0.5 mm]. When the average
diameters do not fall within the range of 0.02 in. [0.5 mm] or
when the cylinders are not made from a single lot of molds,
each cylinder tested must be measured and the value used in
calculation of the unit compressive strength of that specimen.
When the diameters are measured at the reduced frequency, the
cross-sectional areas of all cylinders tested on that day shall be
computed from the average of the diameters of the three or
more cylinders representing the group tested that day.

6.4 The length shall be measured to the nearest 0.05 D when
the length to diameter ratio is less than 1.8, or more than 2.2,
or when the volume of the cylinder is determined from
measured dimensions.
7. Procedure

7.1 Compression tests of moist-cured specimens shall be
made as soon as practicable after removal from moist storage.

7.2 Test specimens shall be kept moist by any convenient
method during the period between removal from moist storage
and testing. They shall be tested in the moist condition.

7.3 All test specimens for a given test age shall be broken
within the permissible time tolerances prescribed as follows:

Test Age Permissible Tolerance
24 h

3 days
7 days

26 days
90 days

± 0 5 h o r 2 . 1 %
2 h or 2.8%
6 h or 3.6%

20 h or 3.0 %
2 days 2.2 %

7.4 Placing the Specimen—Place the plain Q°\ver) bearing
block, with its hardened face up, on the table or platen of the
testing machine directly under the spherically seated (upper)
bearing block. Wipe clean the bearing faces of the upper and
lower bearing blocks and of the test specimen and place the test
specimen on the lower bearing block. Carefully align the axis
of the specimen with the center of thrust of the spherically
seated block.

7.4.1 Zero Verification and Block Seating—Prior to testing
the specimen, verify that the load indicator is set to zero. In
cases where the indicator is not properly set to zero, adjust the
indicator (Note 10). As the spherically seated block is brought
to bear on the specimen, rotate its movable portion gently by
hand so that uniform seating is obtained.

NOTE 10—The technique used to verify and adjust load indicator to
zero will vary depending on the machine manufacturer Consult your
owner's manual or compression machine calibrator for the proper tech-
nique.

7.5 Rate of Loading—Apply the load continuously and
without shock.

7.5. 1 For testing machines of the screw type, the moving
head shall travel at a rate of approximately 0.05 in. [ 1 mm]/min
when the machine is running idle. For hydraulically operated
machines, the load shall be applied at a rate of movement
(platen to crosshead measurement) corresponding to a loading
rate on the specimen within the range of 20 to 50 psi/s [0. 15 to
0.35 MPa/s]. The designated rate of movement shall be
maintained at least during the latter half of the anticipated
loading phase of the testing cycle.

7.5.2 During the application of the first half of the antici-
pated loading phase a higher rate of loading shall be allowed.

7.5.3 Make no adjustment in the rate of movement of the
platen at any time while a specimen is yielding rapidly
immediately before failure.

7.6 Apply the load until the specimen fails, and record the
maximum load carried by the specimen during the test. Note
the type of failure and the appearance of the concrete.
8. Calculation

8.1 Calculate the compressive strength of the specimen by
dividing the maximum load carried by the specimen during the
test by the average cross-sectional area determined as de-
scribed in Section 6 and express the result to the nearest 10 psi
[O. lMPa] .

8.2 If the specimen length to diameter ratio is less than 1.8,
correct the result obtained in 8.1 by multiplying by the
appropriate correction factor shown in the following table:

L/D:
Factor

1 .75
0.96

1 .50
0.96

1.25
0.93

1.00
087 (Note 1 1 )

NOTE 11—These correction factors apply to lightweight concrete
weighing between 100 and 120 lb/ft3 [1600 and 1920 kg/m3] and to
normal weight concrete. They are applicable to concrete dry or soaked at
the time of loading. Values not given in the table shall be determined by
interpoladoa The correction factors are applicable for nominal concrete
strengths from 2000 to 6000 psi [15 to 45 MPa].
9. Report

9.1 Report the following information:
9. 1 . 1 Identification number,
9. 1 .2 Diameter (and length, if outside the range of 1.8D to

2.2D), in inches [millimetres],
9. 1 .3 Cross-sectional area, in square inches [square milli-

metres],
9. 1 .4 Maximum load, in pounds-force [kilonewtons],
9 . 1 . 5 Compressive strength calculated to the nearest 10 psi

[0. 1 MPa],
9. 1 .6 Type of fracture, if other than the usual cone (see Fig.

2),
9. 1 .7 Defects in either specimen or caps, and,
9 . 1 . 8 Age of specimen.

10. Precision and Bias
10. 1 Precision—The single operator precision of tests of

individual 6 by 12 in. [ 150 by 300 mm] cylinders made from
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\ /X/ \
1

A/ \/ N
Cone Cone and S
(a) (b)

A\
Cone and Shear
Shear (d)
(c)

FIO. 2 Sketches of Types of Fracture

Columnar
(e)

a well-mixed sample of concrete is given for cylinders made in
a laboratory environment and under normal field conditions
(see 10.1 .1) .

Single operator
Laboratory conditions
Field conditions

Coefficient of
Variation*

2.37 %
2.87%

Acceptable Range of*
2 results 3 results
6.6%
8.0%

7.8%
9.5%

•* These numbers represent respectively the (1s) and (d2s) limits as described
in Practice C 670

10. 1 . 1 The values given are applicable to 6 by 12in. [ 150 by
300 mm] cylinders with compressive strength between 2000
and 8000 psi [15 to 55 MPa], They are derived from CCRL

concrete reference sample data for laboratory conditions and a
collection of 1265 test reports from 225 commercial testing
laboratories in 1978.5

NOTE 12—Subcommittee C09.03 will re-examine recent CCRL Con-
crete Reference Sample Program data and field test data to see if these
values are representative of current practice and if they can be extended to
cover a wider range of strengths and specimen sizes.

10.2 Bias—Since there is no accepted reference material, no
statement on bias is being made.

3 Research report RR:C09-1006 is on file at ASTM Headquarters.

SUMMARY OF CHANGES
This secdon identifies the location of changes to this test method that have been incorporated since the last

issue.

(1) 6.3 was revised. (2) 7.5.2 was revised.
The American Society for Testing and Materials takes no position respecting the validity of any patent rights asserted in connection

with any item mentioned in this standard. Users ot this standard are expressly advised that determination ol the validity ol any such
patent rights, and the risk ol infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
H not revised, either reapproved or withdrawn. Your comments are invited either tor revision ot this standard or lor additional standards
and should be addressed to ASTM Headquarters. Your comments will receive carelul consideration at a meeting ot the responsible
technical committge, which you may attend If you feel that your comments have not received a lair hearing you should make your
views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM, 100 Ban Harbor Drive, POBoxCTOO, West Conshohocken, PA 1942B-2959, United States.
Individual reprirts (single or multiple copies) of this standard may be obtained by contacting ASTM at the above address or at
S10-B32-3565 (phone), 610-832-9555 (fax), orservice@astm.org (e-mail); or through the ASTM weba'te (www.astm.org).



Designation: C 150 - 00

Standard Specification forPortland Cement1
This standard is issued under the fixed designation C 150: the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (c) indicates an editorial change since the last revision or reapproval.
This standard has been approved for use by agencies of the Department of Defense.

1. Scope
1.1 This specification covers eight types of portland cement,

as follows (see Note 1):
1 . 1 . 1 Type I—For use when the special properties specified

for any other type are not required.
1 . 1 .2 Type IA—Air-entraining cement for the same uses as

Type I, where air-entrainment is desired.
1 . 1 .3 Type II—For general use, more especially when mod-

erate sulfate resistance or moderate heat of hydration is
desired.

1 . 1 .4 Type IIA—Air-entraining cement for the same uses as
Type n, where air-entrainment is desired.

1 . 1 .5 Type III—For use when high early strength is desired.
1 . 1 .6 Type HI A—Air-entraining cement for the same use as

Type HI, where air-entrainment is desired.
1 . 1 .7 Type IV—For use when a low heat of hydration is

desired.
1 . 1 .8 Type V—For use when high sulfate resistance is

desired.
1.2 When both SI and inch-pound units are present, the SI

units are the standard. The inch-pound units are approxima-
tions listed for information only.

1.3 The text of this standard references notes and footnotes
which provide explanatory material. These notes and footnotes
(excluding those in tables and figures) shall not be considered
as requirements of the standard.
2. Referenced Documents

2.1 ASTM Standards:
C 33 Specification for Concrete Aggregates2
C 109/C 109M Test Method for Compressive Strength of
Hydraulic Cement Mortars (Using 2-in. or 50-mm Cube
Specimens)3

C 114 Test Methods for Chemical Analysis of Hydraulic
Cement3

1 This specification is under the jurisdiction of ASTM Committee C01 on
Cement and is the direct responsibility of Subcommittee C01.10 on Hydraulic
Cements for General Concrete Construction.

Current edition approved Feb. 10, 2000. Published December 2000. Originally
published as C 150-40T. Last previous edition C 150-99a.2 Annual Book of ASTM Standards, Vol 04.02.3 Annual Book of ASTM Standards, Vol 04.01.

C 115 Test Method for Fineness of Portland Cement by the
Turbidimeter3

C 151 Test Method for Autoclave Expansion of Portland
Cement3

C 183 Practice for Sampling and the Amount of Testing of
Hydraulic Cement3

C 185 Test Method for Air Content of Hydraulic Cement
Mortar3

C 186 Test Method for Heat of Hydration of Hydraulic
Cement3

C 191 Test Method for Time of Setting of Hydraulic Ce-
ment by Vicat Needle3

C 204 Test Method for Fineness of Hydraulic Cement by
Air Permeability Apparatus3

C 226 Specification for Air-Entraining Additions for Use in
the Manufacture of Air-Entraining Portland Cement3

C 266 Test Method for Time of Setting of Hydraulic Ce-
ment Paste by Gillmore Needles3

C451 Test Method for Early Stiffening of Hydraulic Ce-
ment (Paste Method)3

C452 Test Method for Potential Expansion of Portland
Cement Mortars Exposed to Sulfate3

C 465 Specification for Processing Additions for Use in the
Manufacture of Hydraulic Cements3

C 563 Test Method for Optimum SO3 in Hydraulic Cement
Using 24-h Compressive Strength3

C 1038 Test Method for Expansion of Portland Cement
Mortar Bars Stored in Water3

E 29 Practice for Using Significant Digits in Test Data to
Determine Conformance with Specifications4

3. Terminology
3.1 Definitions:
3. 1 . 1 portland cement—a hydraulic cement produced by

pulverizing clinker consisting essentially of hydraulic calcium
silicates, usually containing one or more of the forms of
calcium sulfate as an interground addition.

3. 1 .2 air-entraining portland cement—a hydraulic cement
produced by pulverizing clinker consisting essentially of hy-
draulic calcium silicates, usually containing one or more of the

4 Annual Book of ASTM Standards, Vol 14.02.

Copyright OASTM. 100 Barr Harbor Drive, w«st Conshohocken, PA 18428-2959, United States.
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forms of calcium sulfate as an interground addition, and with cement shall have been shown to meet the requirements of
which there has been interground an air-entraining addition. Specification C 465 in the amounts used or greater.
4 n >i • i f • 5 . 1 . 3 Air-entraining pordand cement shall contain an inter-

r ering niormation ground addition conforming to the requirements of Specifica-
4.1 Orders for material under this specification shall include lion C 226.

the following:
4.1 . 1 This specification number and date, 6- Chemical Composition
4.1.2 Type or types allowable. If no type is specified, Type 6.1 Pordand cement of each of the eight types shown in

I shall be supplied, Section 1 shall conform to the respective standard chemical
4.1.3 Any optional chemical requirements from Table 2, if requirements prescribed in Table 1. In addition, optional

desired, chemical requirements are shown in Table 2.
4.1.4 Type of setting-time test required, Vicat or Gillmore. v 0 ««,_ • -j i * 1 i . A A. ° NOTE 2 — when comparing oxide analyses and calculated compoundsIf not specified, the Vicat shall be used, from different ̂ vices or from different historic times, be aware that they
4.1.5 Any optional physical requirements from Table 3, if may not have been reported on exactly the same basis. Chemical data

desired. obtained by Reference and Alternate Test Methods of Test Methods C 1 1 4
(wet chemistry) may include titania and phosphorus as alumina unlessNorn 1-Cement conforming to the requirements for all types arc not proper correction ̂  been ̂ ^ (see Test Methods c 1 14)> while ̂ ^earned in slock in some areas. In advance of specifying ihe use of cement obtaine(j by id tot^m^m methods usually do not. This can result in

other than Type I, determine whether the proposed type of cement is, or small &Selences ta ^ called compounds. Such differences are
can be made, available. usually within the precision of Ihe analytical methods, even when Ihe
5 Add'ti methods are properly qualified under the requirements of Test Methods

5.1 The cement covered by this specification shall contain
no addition except as follows: 7- Physical Properties

5. 1 . 1 Water or calcium sulfate, or both, if added, shall be in 7.1 Pordand cement of each of the eight types shown in
amounts such that die limits shown in Table 1 for sulfur Section 1 shall conform to die respective standard physical
trioxide and loss-on-ignition are not exceeded. requirements prescribed in Table 3. In addition, optional

5.1.2 Processing additions used in die manufacture of die physical requirements are shown in Table 4.
TABLE 1 Standard Chemical Requirements

Cement Type*
Silicon dioxide (SiO2), min, %
Aluminum oxide (AljO;,), max, %
Ferric oxide (Fe2O3), max, %
Magnesium oxide (MgO), max, %
Sulfur trioxide (SO3),

D max, %
When (Cybf is 8 % or less
When (Cybf is more than 8 %

Loss on ignition, max, %
Insoluble residue, max, %
Tricaldum silicate (C3S),E max, %
Dicaldum silicate (CjS),^ min, %
Tricaldum aluminate (CjA)^ max, %
Tetracaldum alum'noferrite plus twice the tricalcium aluminate^ (C4AF + 2(0^)),

or solid solution (C«AF + Cf), as applicable, max, %

1 and IA

6 0
3.0
3 5
30
075

II and MA
20.0s' c

6.0
60fl-c

6.0
3.0
F
3 0
0.75

8

III and IIIA

6.0
3.5
4.5
3.0
0.75

15

IV

6.5
6.0

23f
2.5
075

35e

iff
7B

V

6.0

2 3f

3.0
075

5°
25°

* See Note 1 .B Does not apply when the heat ol hydration limit in Table 4 is specified.cDoes not apply when the sulfate resistance limit in Table 4 is specified.0 There are cases where optimum SO3(using Test Method C 563) for a particular cement is dosa to or in excess of the limit in this specification. In such cases where
properties ol a cement can be improved by exceeding the SO3 limits stated in this table, it is permissible to exceed the values in the table, provided it has been
demonstrated by Test Method C 1 038 that the cement with the increased SO3 will not develop expansion in water exceeding 0.020 % at 14 days When the manufacturer
supplies cement under this provision, he shall, upon request, supply supporting data to the purchaser.E All values calculated as described in this note shall be rounded according to Practice E 29. When evaluating conformance to a specification, round values to the same
number of places as the corresponding table entry before making comparisons The expressing of chemical limitations by means of calculated assumed compounds does
not necessarily mean that the oxides are actually or entirely present as such compounds

When expressing compounds, C = CaO, S = SiOz, A = AI-Xl,, F = FeJ33. For example, C^. = SCaOAIjO^
Titanium dioxide and phosphorus pentoxide (TiO2 and PjO6) shall not be included with Ihe M£)3 content. See Note 2.
When the ratio of percentages of aluminum oxide to ferric oxide is 0.64 or more, the percentages of tricalcium silicate, ofcaldum silicate, tricalcium aluminate, and

tetracaldum aluminoferrile shall be calculated from the chemical analysis as follows:
Tricaldum silicate = (4.071 X % CaO) -(7 600 X % SiO2) - (6.718 x %AI;P3) - ( 1 .430 x % FejO;,) - (2.852 x % SO3)Dicaldum silicate = (2.867 x % SiO2) - (0.7544 x % C^S)
Tricaldum aluminate = (2.650 x % AljO3) - (1.692 x % Fe2O3)Tetracaldum aluminoferrile = 3.043 x % FejO3When (he alumina-ferric oxide ratio is less than 0.64, a calcium aluminoferrite solid solution (expressed as ssfC^F + Cjr)) is formed Contents of Ihis solid solution and

of tricalcium silicate shall be calculated by the following formulas
ss(C4AF + C2F) = (2 . 100x % AI2Q,) + (1 .702 x % Fe2CX,)
Tricaldum silicate = (4.071 x % CaO) - (7.600 x % SiO2) - (4.479 x % AI2O3) - (2.859 x % ?e£>3) - (2.852 x % SO3).No tricalcium aluminate will be present in cements of this composition. Dicaldum silicate shall be calculated as previously shown.F Not applicable.
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TABLE 2 Optional Chemical Requirements*

Cement Type
TricaJcium aluminate (CgA),8 max, %
Tricala'um aluminate (CgA),8 max, %
Sum of tricaldum silicate and tricaldum
aluminale,8 max, %

Equivalent Alkalies (NajO + 0.658K2O), max, %

land
IA

0.60°

II and
IIA

58°
0.60°

III and
IIIA

8
5

060°

IV V Remarks
for moderate sulfate resistance
for high sulfate resistance
for moderate heat of hydration

0.60° 0.60° low-alkali cement
* These optional requirements apply only when specifically requested. Verify availability before ordering. See Note 1 in Section 4.8 All values calculated as described in this note shall be rounded according to Practice E 29. When evaluating conformance to a specification, round values to the same

number of places as the corresponding table entry before making comparisons. The expressing of chemical limitations by means of calculated assumed compounds does
not necessarily mean that the oxides are actually or entirely present as such compounds.

When expressing compounds, C = CaO, S = SiO* A = AI2C>3, F = Fe£>3 For example, CaA = 3CaO AI2O3.Titanium dioxide and phosphorus pentoxide (TiO2 and PjO6) shall not be included with the Al^ content. See Note 2.
When the ratio of percentages of aluminum oxide to ferric oxide Is 0.64 or more, the percentages of tricaldum silicate, dicalcium silicate, tricaldum aluminate, and

tetracald'um aluminoferrfte shall be calculated from the chemical analysis as follows:
Tricaldum silicate = (4.071 X % CaO) - (7.600 X % SiO2) - (6.718 X % AljOa) - (1.430 X % Fe2O3) - (2 852 X % SO3)Dicalcium silicate = (2.867 X % SiO2) - (0.7544 X % C3S)
Tricaldum aluminate = (2.650 X % k\£>3) - ( 1 .692 X % fef>3)Tetracaldum aluminoferrite = 3.043 x % Fe^
When the alumina-ferric oxide ratio is less than 0.64, a caldum aluminolerrite solid solution (expressed as ss (C4AF + Cf)) is formed Contents of this solid solution

and of tricaldum silicate shall be calculated by the following formulas:
ss(C4AF-i.CaF) = (2.100x % AljCX,) + (1.702 X % Fe2C;j)
Tricaldum silicate = (4 071 X % CaO) - (7.600 X % SiO2) - (4.479 X % Alpa) - (2.859 X % Fe2O3) - (2 852 X % SO3).No tricaldum aluminate will be present in cements of this composition. Dicaldum silicate shall be calculated as previously shown.c The optional limit for heat of hydration in Table 4 shall not be requested when this optional limit is requested

from deteleriously reactive aggregates. Refer to Specification C 33 for information on potential reactivity of aggregates.

TABLE 3 Standard Physical Requirements
Cement Type*

Air content of mortar,0 volume %:
max
min

I

12

IA

22
16

II

12

IIA III

22 12
16

IIIA

22
16

IV

12

V

12
Fineness,0 specific surface, rr^/kg (alternative methods):
Turbidimeter test, min
Air permeability test, min

Autoclave expansion, max, %
Strength, not less than the values shown for the ages

indicated as follows:0
Compressive strength, MPa (psi):
1 day

160
280
080

160
280
0.80

160
280
0.80

160
280
0.80 0.80

12.0
(1740)

0.80

10.0
(1450)

160
280
080

160
280
080

3 days

7 days

28 days
Time of setting (alternative methods):^

Oillmore test:
Initial set, min, not less than
Final set, min, not more than

Vicat test:0
Time of setting, min, not less than
Time of setting, min, not more than

1 2 0
(1740)

19.0
(2760)

60
600
45
375

10.0
(1450)

16.0
(2320)

60
600
45
375

10.0
(1450)
7.0^
(1020)E
1 70
(2470)
12.0*=
(1740)E

60
600
45
375

80
(1160)
6.0*
(870)e
14 .0
(2030)
9.0*
(131 Of

60
600

45
375

24.0
(3480)

60
600
45
375

1 9 0
(2760)

60
600
45
375

7.0
(1020)

17.0
(2470)

60
600
45
375

8.0
(1160)

15.0
(2180)

21 .0
(3050)

60
600
45
375

* See Note 1.8 Compliance with the requirements of this specification does not necessarily ensure that the desired air content will be obtained in concrete.cThe testing laboratory shall select the fineness method to be used. However, when the sample fails to meet the requirements of the air-permeability test, the
turbidimeter test shall be used, and the requirements in this table for the turbidimetric method shall governDThe strength at any specified test age shall be not less than that attained at any previous specified test ageE When the optional heat of hydration or the chemical limit on the sum of the tricaldum silicate and tricaldum aluminate is specified.FThe time-of-setting test required shall be specified by the purchaser. In case he does not so specify, the requirements of the Vicat test only shall govern0 The time of setting is that described as initial setting time in Test Method C 191

8. Sampling
8.1 When the purchaser desires that the cement be sampled

and tested to verify compliance with this specification, perform
sampling and testing in accordance with Practice C 183.

8.2 Practice C 183 is not designed for manufacturing quality
control and is not required for manufacturer's certification.
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TABLE 4 Optional Physical Requirements*

Cement Type*
False set, final penetration, min, %
Heat of hydration:

7 days, max, kJ/kg (calAj)
28 days, max, kJ/kg (cal/g)

Strength, not less than the values shown:
Compressh/e strength, MPa (psi)

28 days

I
50

280

IA
50

22.0

II
50
290 (70)B

28.0

MA ' III
50 50
290 (70)B

22.0

I I IA IV
50 50

250 (60)c
290 (70)c

V
50

Sulfate resistance,014 days, max, % expansion

(4060) (3190) (4060) (3190)
22.0s 18.0*
(3190)8 (261 Of

0040
•* These optional requirements apply only when specifically requested. Verify availability belore ordering. See Note 1 in Section 4.8 The optional limit lor trie sum ol the tricala'um silicate and tricalcium aluminate in Table 2 shall not be requested when this optional limit is requested. These strength

requirements apply when either heat of hydration or the sum of tricalcium silicate and tricalcium aluminate requirements are requested.cWhen the heat of hydration limit is specified, it shall be instead of the limits of C3S, C2S, C3A, SiOj,, and Fef>3 listed in Table 1.
"When the suHate resistance is specified, ft shall be instead of the limits of CjA, C,AF + 2 CjA, SiO2, and fef>3 listed in Table 1.E Cement meeting the high sulfate resistance limit for Type V is deemed to meet the moderate sulfate resistance requirement of Type II.

9. Test Methods
9.1 Determine the applicable properties enumerated in this

specification in accordance with the following test methods:
.1 Air Content of Mortar—Test Method C 185.
.2 Chemical Analysis—Test Methods C 114.
.3 Strength—Test Method C 109.
.4 False Set—Test Method C 451.
.5 Fineness by Air Permeability—Test Method C 204.

9. 1 .6 Fineness by Turbidimeter—Tesl Method C 115.
9. 1 .7 Heat of Hydration—Test Method C 186.
9 . 1 .8 Autoclave Expansion—Test Method C 151 .
9. 1 .9 Time of Setting by Gillmore Needles—Test Method

C266.
9 . 1 . 10 Time of Setting by Vicat Needles—Test Method

C 19 1 .
9 . 1 . 1 1 Sulfate Resistance—Test Method C452 (sulfate ex-

pansion).
9 . 1 . 1 2 Calcium Sulfate (expansion of) Mortar—Test

Method C 1038.
9 . 1 . 1 3 Optimum SO3—Test Method C 563.

10. Inspection
10.1 Inspection of the material shall be made as agreed upon

between the purchaser and the seller as part of the purchase
contract.
11. Rejection

1 1 . 1 The cement shall be rejected if it fails to meet any of
the requirements of this specification.

1 1 .2 At the option of the purchaser, retest, before using,
cement remaining in bulk storage for more than 6 months or
cement in bags in local storage in the custody of a vendor for
more than 3 months after completion of tests and reject the
cement if it fails to conform to any of the requirements of this
specification. Cement so rejected shall be the responsibility of
the owner of record at the time of resampling for retest.

1 1 . 3 Packages shall identify the mass contained as net
weight At the option of the purchaser, packages more than 2 %
below the mass marked thereon shall be rejected and if the
average mass of packages in any shipment, as shown by
determining the mass of 50 packages selected at random, is less
than that marked on the packages, the entire shipment shall be
rejected.

12. Manufacturer's Statement
12. 1 At the request of the purchaser, the manufacturer shall

state in writing the nature, amount, and identity of any
air-entraining addition and of any processing addition used,
and also, if requested, shall supply test data showing compli-
ance of such air-entraining addition with Specification C 226
and of such processing addition with Specification C 465.

13. Packaging and Package Marking
13 . 1 When the cement is delivered in packages, the words

"Portland Cement," the type of cement, the name and brand of
the manufacturer, and the mass of the cement contained therein
shall be plainly marked on each package. When the cement is
an air-en training type, the words "air-entraining" shall be
plainly marked on each package. Similar information shall be
provided in the shipping documents accompanying the ship-
ment of packaged or bulk cement. All packages shall be in
good condition at the time of inspection.

NOTE 3—With the change to SI units, it is desirable to establish a
standard SI package for portland cements. To that end 42 kg (92.6 Ib)
provides a convenient, even-numbered mass reasonably similar to the
traditional 94-lb (42.6-kg) package.
14. Storage

14. 1 The cement shall be stored in such a manner as to
permit easy access for proper inspection and identification of
each shipment, and in a suitable weather-tight building that
will protect the cement from dampness and minimize ware-
house set.

15. Manufacturer's Certification
15 . 1 Upon request of the purchaser in the contract or order,

a manufacturer's report shall be furnished at the time of
shipment stating the results of tests made on samples of the
material taken during production or transfer and certifying that
the cement conforms to applicable requirements of this speci-
fication.

16. Keywords
16 . 1 hydraulic cement; portland cement; specification
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APPENDIX
XI. MANUFACTURER'S CERTIFICATION (MILL TEST REPORT)

X1. 1 To provide uniformity for reporting the results of tests
performed on cements under this specification, as required by
Section 15 of Specification C 150 entitled Manufacturer's
Certification, an example Mill Test Report is shown in Fig.
XI.1 .

XI .2 The identity information given should unambiguously
identify the cement production represented by the Mill Test
Report and may vary depending upon the manufacturer's
designation and purchaser's requirements.

XI.3 The Manufacturer's Certification statement may vary
depending upon the manufacturer's procurement order, or legal
requirements, but should certify that the cement shipped is
represented by the certificate and that the cement conforms to
applicable requirements of the specification at the time it was
tested (or retested) or shipped.

X1.4 The sample Mill Test Report has been developed to

reflect the chemical and physical requirements of this specifi-
cation and recommends reporting all analyses and tests nor-
mally performed on cements meeting Specification C 150.
Purchaser reporting requirements should govern if different
from normal reporting by the manufacturer or from those
recommended here.

XI.5 Cements may be shipped prior to later-age test data
being available. In such cases, the test value may be left blank.
Alternatively, the manufacturer can generally provide esti-
mates based on historical production data. The report should
indicate if such estimates are provided.

XI.6 In reporting limits from the tables in Specification
C 150 on the Mill Test Report, only those limits specifically
applicable should be listed. In some cases, Specification C 150
table limits are superceded by other provisions.
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ABC Portland Cement CompanyQualitytown, N. J.
Plant Example Cement Type II Date March 9 . 1998

Production Period March 2. 1998 - March 8 . 1998
STANDARD REQUIREMENTS

ASTMC 150 Tables land 3
CHEMICAL PHYSICAL

Item
SiO2 (%)
FeA(%)
CaO 0/«)MgO (%)
SOj (%)Loss on ignition (•/«)
NajO (•/.)K20('/.)Insoluble residue (%)

Potential compounds (%)CjS0,8
C3AC AFC,AF+2(C3A)4

Spec.
Limit

20.0 min
6.0 max
6.0 max/i
6.0 max3.0 max3.0 maxAA

0.75 max

AA
8 maxA

A

Test
Result
21.3
4.6
3.4

63.2
2.22.7
1.20.190.500.27

522261022

Item
Air content of mortar (volume %)
Fineness (mVkg)(Air permeability)Autoclave expansion (%)
Compressive strength (MPa)1 Day3 Days7 Days28 DaysTime of setting (minutes)(Vicat)Initial

Spec.
Limit
12 max

280 min
0.80 max
min:

f\

7.012.0A

Not lessthan 45
Not more
than 375

Test
Result

8
377
0.04

23.4
29.8

124

•*Not applicable.
OPTIONAL REQUIREMENTSASTMC 150Tables2 and4

CHEMICAL PHYSICAL
Item

Spec.Limit TestResult
CjS + C3A
Equivalent alkalies(V.)

58 max
B

58
0.52

Item
False set (%)
Heat of hydration (kJ/kg)7 daysCompressive strength (MPa)

28 days

Spec.
Limit

50 min
B

28.0 min

Test
Result

82
300

39.7^Limit not specified by purchaser. Test result
provided for information only.

c Test result for this production period not yet available.
We certify that the above described cement, at the time of shipment, meets the chemical
and physical requirements of the ASTM C 150-97 or (other) __________
specification.

Signature: Title:

FIG. X1 . 1 Example Mill Test Report
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Designation: C 494/C 494M - 99a«n

Standard Specification forChemical Admixtures for Concrete1

This standard is issued under the fixed designation C 494/C 494M; the number immediately following (be designation indicates the year
of original adoption or. in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval.
A superscript cpsilon (e) indicates an editorial change since the last revision or reapprovaL
This standard has been approved for use by agencies of the Department of Defense.
e1 NOTE—Range value in 12.2.2 was editorially corrected July 2001.

1. Scope
1.1 This specification covers materials for use as chemical

admixtures to be added to hydraulic-cement concrete mixtures
in the field for the purpose or purposes indicated for the seven
types as follows:

1 . 1 . 1 Type A—Water-reducing admixtures,
1 . 1 .2 Type B—Retarding admixtures,
1 . 1 . 3 Type C—Accelerating admixtures,
1 . 1 .4 Type D—Water-reducing and retarding admixtures,
1 . 1 .5 Type E—Water-reducing and accelerating admixtures,
1 . 1 .6 Type F—Water-reducing, high range admixtures, and
1 . 1 .7 Type G—Water-reducing, high range, and retarding

admixtures.
1.2 This specification stipulates tests of an admixture with

suitable concreting materials as described in 1 1 . 1 - 1 1 .3 or with
cement, pozzolan, aggregates, and an air-entraining admixture
proposed for specific work (11 .4). Unless specified otherwise
by the purchaser, the tests shall be made using concreting
materials as described in 1 1 . 1 - 1 1 .3 .

NOTE 1—It is recommended that, whenever practicable, tests be made
using the cement, pozzolan, aggregates, air-entraining admixture, and the
mixture proportions, batching sequence, and other physical conditions
proposed for the specific work (11.4) because the specific effects produced
by chemical admixtures may vary with the properties and proportions of
the other ingredients of the concrete. For instance. Types F and G
admixtures may exhibit much higher water reduction in concrete mixtures
having higher cement factors than that listed in 12.1 .1 .

Mixtures having a high range water reduction generally display a higher
rate of slump loss. When high-range admixtures are used to impart
increased workability (6 to 8-in. slump [150 to 200-mm]), the effect may
be of limited duration, reverting to the original slump in 30 to 60 min
depending on factors normally affecting rate of slump loss. The use of
chemical admixtures to produce high-slump (flowing) concrete is covered
by Specification C 1017.

NOTE 2—The purchaser should ensure that the admixture supplied for
use in the work is equivalent in composition to the admixture subjected to
test under this specification (see Section 6, Uniformity and Equivalence).

NOTE 3—Admixtures that contain relatively large amounts of chloride
may accelerate corrosion of prestressing steel Compliance with the

1 This specification is under the jurisdiction of ASTM Committee C09 on
Concrete Aggregates and U the direct responsibility of Subcommittee C9.23 on
Chemical Admixtures.

Current edition approved Oct 10, 1999. Published December 1999. Originally
published as C 494 - 62. Last previous edition C 494 - 99.

requirements of this specification does not constitute assurance of accep-
tibility of the admixture for use in prestressed concrete.

1.3 This specification provides for three levels of testing.
1.3.1 Level 1—During the initial approval stage, proof of

compliance with the performance requirements defined in
Table 1 demonstrates that the admixture meets the require-
ments of this specification. Uniformity and equivalence tests of
Section 6 shall be carried out to provide results against which
later comparisons can be made.

1 .3.2 Level 2—Limited retesting is described in 5.2, 5.2. 1
and 5.2.2. Proof of compliance with the requirements of Table
1 demonstrates continued conformity of the admixture with the
requirements of the specification.

1 .3 .3 Level 3—For acceptance of a lot or for measuring
uniformity within or between lots, when specified by the
purchaser, the uniformity and equivalence tests of Section 6
shall be used.

1.4 The values stated in either inch-pound or SI units shall
be regarded separately as standard. The values stated in each
system may not be exact equivalents; therefore, each system
must be used independently of the other, without combining
values in any way.

1.5 The text of this standard references notes and footnotes
which provide explanatory material. These notes and footnotes
(excluding those in tables and figures) shall not be considered
as requirements of the standard.

1.6 The following precautionary caveat pertains only to the
test method sections, Sections 1 1 - 18 of this Specification: This
standard does not purport to address all of the safety concerns,
if any, associated with its use. It is the responsibility of the user
of this standard to establish appropriate safety and health
practices and determine the applicability of regulatory limita-
tions prior to use.
2. Referenced Documents

2.1 ASTM Standards:
C 33 Specification for Concrete Aggregates2
C 39/C 39M Test Method for Compressive Strength of Cy-
lindrical Concrete Specimens2

C 78 Test Method for Flexural Strength of Concrete (Using

2 Annual Book of ASTM Standards, Vo\ 04.02.

Copyright O ASTM. 100 Barr Harbor Drive. West Conshohocken, PA 19428-2959. United States
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TABLE 1 Physical Requirements'*

Type A, _ _ Type C,
Water _ .. ' Acceler-

Redua'ng * ating

TypeD,
Water

Reducing
and

Retarding

TypeE,
Water

Reducing
and

Accelerating

Type F,
Water

Reducing,
High Range

Type Q,
Water

Reducing,
High

Range
and Retarding

Water content, max, % of
control

Time of setting, allowable
deviation from control, h:min:
Initial: at least

not more than

Final: at least
not more than

Compressive strength, min, %
of control:8

1 day
3 days
7 days

28 days
6 months

95

1 :00 earlier
nor 1 :30
later
1:00 earlier
nor 1 :30
later

1 10
1 10
110
100

1:00 later
3:30 later

330 later

90
90
90
90

1:00 earlier
3:30 earlier

1 :00 earlier

125
100
100
90

95

1:00 later
3:30 later

3 30 later

1 10
1 10
110
100

95

1:00 earlier
3:30 earlier

1:00 earlier

125
1 10
1 10
100

88

1 :00 earlier
nor 1 :30
later
1 :00 earlier
nor 1 :30
later

140
125
1 15
1 10
100

88

1:00 later
3:30 later

3:30 later

125
125
1 15
1 10
100

1 year
Flexural strength, min.
% control:8
3 days
7 days

28 days
Length change, max
shrinkage (alternative

requirements):0
Percent of control
Increase over control

Relative durability
factor, min°

too

100
100
100

135
0.010
80

90

90
90
90

135
0010
80

90

1 10
100
90

135
0010
80

100

100
100
100

135
0.010
80

100

1 10
100
100

135
0010
80

100

1 10
100
100

135
0010
80

100

1 10
100
100

135
0010
60

* The values in the table indude allowance for normal variation in test results. The object of the 90 % compressive strength requirement tor a Type-B admixture is to
require a level of performance comparable to that of the reference concrete.8 The compressive and flexural strength of the concrete containing the admixture under test at any test age shall be not less than 90 % of that attained at any previous
test age. The objective of this limit is to require that the compressive or flexural strength of the concrete containing the admixture under test shall not decrease with age.c Alternative requirements, see 17 . 1 .4 , % of control limit applies when length change of control is 0.030 % or greater; increase over control limit applies when length
change of control is less than 0 030 %.°This requirement is applicable only when the admixture is to be used in air-entrained concrete which may be exposed to freezing and thawing while wet.

Simple Beam with Third-Point Loading)2
C 136 Test Method for Sieve Analysis of Fine and Coarse
Aggregates2

C 138 Test Method for Unit Weight, Yield, and Air Content
(Gravimetric) of Concrete2

C 143/C 143M Test Method for Slump of Hydraulic-
Cement Concrete2

C 150 Specification for Portland Cement3
C 157/C 157M Test Method for Length Change of Hard-
ened Hydraulic-Cement Mortar and Concrete2

C 183 Practice for Sampling and the Amount of Testing of
Hydraulic Cement3

C 192/C 192M Practice for Making and Curing Concrete
Test Specimens in the Laboratory2

C231 Test Method for Air Content of Freshly Mixed
Concrete by the Pressure Method2

C 260 Specification for Air-Entraining Admixtures for Con-
crete2

C 403/C 403M Test Method for Time of Setting of Concrete
Mixtures by Penetration Resistance2

C 666 Test Method for Resistance of Concrete to Rapid
Freezing and Thawing2

C 1017 Specification for Chemical Admixtures for Use in
Producing Flowing Concrete2

D 75 Practice for Sampling Aggregates2
D 1193 Specification for Reagent Water4
E 100 Specification for ASTM Hydrometers3
Manual of Aggregate and Concrete Testing2

2.2 American Concrete Institute Standard:
ACI 211 . 1 -91 Standard Practice for Selecting Proportions

for Normal, Heavyweight, and Mass Concrete6

3. Terminology
3.1 Definitions:
3. 1 . 1 accelerating admixture—an admixture that acceler-

ates the setting and early strength development of concrete.
3 . 1 .2 retarding admixture—an admixture that retards the

setting of concrete.

3 Annual Book of ASTM Standards, Vol 04.01.

' Annual Book of ASTM Standards, Vol 11.01.5 Annual Book of ASTM Standards. Vol 14.03.6 Available from the American Concrete Institute, 38800 Country Club Drive,
Farmington Hills, MI 48331.
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3. 1 .3 water-reducing admixture—an admixture that reduces

the quantity of mixing water required to produce concrete of a
given consistency.

3. 1 .4 water-reducing admixture, high range—an admixture
that reduces the quantity of mixing water required to produce
concrete of a given consistency by 12 % or greater.

3.1 .5 water-reducing and accelerating admixture— an ad-
mixture that reduces the quantity of mixing water required to
produce concrete of a given consistency and accelerates the
setting and early strength development of concrete.

3. 1 .6 water-reducing and retarding admixture— an admix-
ture that reduces the quantity of mixing water required to
produce concrete of a given consistency and retards the setting
of concrete.

3 . 1 . 7 water-reducing, high range, and retarding
admixture—an admixture that reduces the quantity of mixing
water required to produce concrete of a given consistency by
12 % or greater and retards the setting of concrete.
4. Ordering Information

4.1 The purchaser shall specify the type of chemical admix-
ture desired.
5. General Requirements

5.1 For initial compliance with this specification, test con-
crete in which each type of admixture shown in 1.1 is used
shall conform to the respective requirements prescribed in
Table 1.

5.2 The purchaser is allowed to require a limited retesting to
confirm current compliance of the admixture to specification
requirements. The limited retesting will cover physical prop-
erties and performance of the admixture.

5.2.1 The physical properties retesting shall consist of
uniformity and equivalence tests for infrared analysis, residue
by oven drying and specific gravity.

5.2.2 The performance property retesting shall consist of
water content of fresh concrete, setting time and compressive
strength at 3, 7 and 28 days. Purchasers having special
requirements are allowed to require additional tests currently in
this standard.

5.3 At the request of the purchaser, the manufacturer shall
state in writing that the admixture supplied for use in the work
is identical in all essential respects, including concentration, to
the admixture tested under this specification.

5.4 At the request of the purchaser, when the admixture is to
be used in prestressed concrete, the manufacturer shall state in
writing the chloride content of the admixture and whether or
not chloride has been added during its manufacture.

5.5 Tests for uniformity and equivalence, as indicated in
Section 6, shall be made on the initial sample and the results
retained for reference and comparison with the results of tests
of samples taken from elsewhere within the lot or subsequent
lots of admixture supplied for use in the work.
6. Uniformity and Equivalence

6.1 When specified by the purchaser, the uniformity of a lot,
or the equivalence of different lots from the same source shall
be established by the use of the following requirements:

6. 1 . 1 Infrared Analysis—The absorption spectra of the ini-

tial sample and the test sample, obtained as specified in 18 . 1 ,
shall be essentially similar.

6.1 .2 Residue by Oven Drying (Liquid Admixtures)—When
dried as specified in 18.2, the oven-dried residues of the initial
sample and of subsequent samples shall be within a range of
variation of not greater than 5 percentage points.

6 . 1 .3 Residue by Oven Drying (Nonliquid Admixtures)—
When dried as specified in 18.3, the oven-dried residues of the
initial sample and of the subsequent samples shall be within a
range of variation not greater than 4 percentage points.

6 . 1 .4 Specific Gravity (Liquid Admixtures)—When tested
as specified in 18.4, the specific gravity of subsequent test
samples shall not differ from the specific gravity of the initial
sample by more than 10 % of the difference between the
specific gravity of the initial sample and that of reagent water
at the same temperature. Reagent water conforming to Speci-
fication D 1193, Types HI or IV, and prepared by distillation
ion exchange, reverse osmosis, electrodialysis, or a combina-
tion of these procedures is adequate.

6.2 When the nature of the admixture or the analytical
capability of the purchaser make some or all of these proce-
dures unsuitable, other requirements for uniformity and
equivalence from lot to lot or within a lot shall be established
by agreement between the purchaser and the manufacturer.
7. Packaging and Marking

7.1 When the admixture is delivered in packages or con-
tainers, the proprietary name of the admixture, the type under
this specification, and the net weight or volume shall be plainly
marked thereon. Similar information shall be provided in the
shipping advices accompanying packaged or bulk shipments of
admixtures.
8. Storage

8.1 The admixture shall be stored in such a manner as to
permit easy access for proper inspection and identification of
each shipment, and in a suitable weathertight building that will
protect the admixture from dampness and freezing.
9. Sampling and Inspection

9.1 Every facility shall be provided the purchaser for careful
sampling and inspection, either at the point of manufacture or
at the site of the work, as specified by the purchaser.

9.2 Samples shall be either "grab" or "composite" samples,
as specified or required by this specification. A grab sample is
one obtained in a single operation. A composite sample is one
obtained by combining three or more grab samples.

9.3 For the purposes of this specification, it is recognized
that samples will be taken for two reasons:

9.3.1 Quality Tests—A sample taken for the purpose of
evaluating the quality of a source or lot of admixture will be
required to meet all the applicable requirements of this
specification. Samples used to determine conformance with the
requirements of this specification shall be composites of grab
samples taken from sufficient locations to ensure that the
composite sample will be representative of the lot.

9.3.2 Uniformity and Equivalence Tests— When specified
by the purchaser, a sample taken for the purpose of evaluating
the uniformity of a single lot, or equivalence of different lots
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from one source shall be tested as provided in Section 6. Such
samples shall be composite samples from individual lots when
different lots from the same source are being compared. When
the uniformity of a single lot is being determined, grab samples
shall be used.

9.4 Liquid Admixtures—Liquid admixtures shall be agitated
thoroughly immediately prior to sampling. Grab samples taken
for quality or uniformity tests shall represent a unit shipment or
a single production lot. Each grab sample shall have a volume
of at least 1 pt [0.5 L]. A minimum of three grab samples shall
be taken. Composite samples shall be prepared by thoroughly
mixing the grab samples selected and the resultant mixture
sampled to provide at least 1 gal [4 L] for quality tests. Grab
samples shall be taken from different locations well distributed
throughout the quantity to be represented.

9.4.1 Admixtures in bulk storage tanks shall be sampled
equally from the upper, intermediate, and lower levels by
means of drain cocks in the sides of the tanks or a weighted
sampling bottle fitted with a stopper that can be removed after
the bottle is lowered to the desired depth.

9.4.2 Samples shall be packaged in impermeable, airtight
containers which are resistant to attack by the admixture.

9.5 Nordiquid Admixtures—Grab samples taken for quality
or uniformity tests shall represent not more than 2 tons [2 Mg]
of admixture and shall weigh at least 2 Ib [have a mass of at
least 1 kg]. A minimum of four grab samples shall be taken.
Composite samples shall be prepared by thoroughly mixing the
grab samples selected and the resultant mixture sampled to
provide at least 5 Ib [2.5 kg] for the composite sample. Grab
samples shall be taken from different locations well distributed
throughout the quantity to be represented.

9.5. 1 Samples of packaged admixtures shall be obtained by
means of a tube sampler as described in Practice C 183.

9.5.2 Samples shall be packaged in moisture-proof, airtight
containers.

9.6 Samples shall be thoroughly mixed before testing to
ensure uniformity. When recommended by the manufacturer,
the entire sample of a nonliquid admixture shall be dissolved in
water prior to testing.
10. Rejection

10.1 For initial compliance testing, the purchaser is allowed
to reject the admixture if it fails to meet any of the applicable
requirements for this specification.

10.2 For limited retesting, the purchaser is allowed to reject
the admixture if it fails to meet any of the requirements of the
Uniformity and Equivalence Section and of the applicable parts
of Table 1.

10.3 An admixture stored at the point of manufacture, for
more than 6 months prior to shipment, or an admixture in local
storage in the hands of a vendor for more than 6 months, after
completion of tests, shall be retested before use when requested
by the purchaser and is allowed to be rejected if it fails to
conform to any of the applicable requirements of this specifi-
cation.

10.4 Packages or containers varying more than 5 % from the
specified weight or volume are allowed to be rejected. If the
average weight or volume of 50 packages taken at random is

less than that specified, the entire shipment is allowed to be
rejected.

10.5 When the admixture is to be used in non-air-entrained
concrete, it shall be rejected when the purchaser desires if the
test concrete containing it has an air content greater than 3.5 %;
when the admixture is to be used in air-entrained concrete, it
can be rejected if the test concrete containing it has an air
content greater than 7.0 %.

TEST METHODS
NOTE 4—These tests are based on arbitrary stipulations which make

possible highly standardized testing in the laboratory and are not intended
to simulate actual job conditions.
11. Materials

TESTS NOT FOR A SPECIFIC USE
1 1 . 1 Cement—The cement used in any series of tests shall

be either the cement proposed for a specific use in accordance
with 11 .4, a Type I or Type n cement conforming to Specifi-
cation C 150, or a blend of two or more cements, in equal parts.
Each cement of the blend shall conform to the requirements of
either Type I or Type n. Specification C 150. If when using a
cement other than that proposed for specific work, the air
content of the concrete made without admixture, tested as
prescribed in 14.3, is more than 3.5 %, select a different
cement, or blend, so that the air content of the concrete will be
3.5 % or less.

1 1 .2 Aggregates—Except when tests are made in accor-
dance with 1 1 .4 using the aggregates proposed for a specific
use, the fine and coarse aggregates used in any series of tests
shall come from single lots of well-graded, sound materials
that conform to the requirements of Specification C 33, except
that the grading of the aggregates shall conform to the
following requirements:

1 1 .2 . 1 Fine Aggregate Grading:
Sieve Weight Percent

Passing
No. 4 [4.75-mm] 100
No. 16 [ 1 . 18-mm ] 65 to 75
No. 50 [300 pm] 12 to 20
No 100 [150pm] 2 to 5

1 1 .2 .2 Coarse Aggregate Grading— The coarse aggregate
shall meet the requirements for size number 57 of Specification
C 33. Take care in loading and delivery to avoid segregation.

1 1 .2 .3 The coarse aggregate used for each set of reference
concrete and comparable test admixture-treated concrete shall
be essentially the same. Therefore, a set of test concrete
consists of one reference concrete and as many test admixture-
containing concretes as are intended to be compared to that one
reference. Thus, coarse aggregate for one set shall consist of
enough material for one reference concrete, the test admixture-
containing concrete to be compared with that reference and the
sample for grading analysis testing.

1 1 .2 .3 . 1 Prepare coarse aggregate for a set, comprising a
sample large enough for concrete trials, as follows: Fill tared
containers, one each for a sample, a batch of reference concrete
and one or more test concretes to the required mass from the
aggregate stockpile. Accomplish this by starting with a scoop-
ful into the first container and repeat this procedure until all
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• ' • * containers have their required mass. Repeat the process for
.'."• each of the three or more sets needed. One or more spare sets

may be needed. See the Appendix of Practice D 75, Sampling
from Stockpiles, and the Manual of Aggregate and Concrete
Testing for guidance for conditions and procedures.

1 1 .2.4 Test coarse aggregate samples representing each set
by Method C 136 requirements for the sieves shown below.
Discard any set for which the sample does not comply with size
57. Average test results for samples which comply with size 57
for each sieve size. Discard any set for which the sample
deviates from this average by more than the amount shown in
column 3. Continue the process of preparation, testing and
averaging until sufficient sets of aggregate within tolerance are
obtained.

Sieve Specification C 33, No. 57 Maximum variation from
Percent Passing average/passing

1V4in. [37.5-mm] 100 0.0
1.00 in. I25.0-mm] 95 to 100 1.0
V»ia [12.5-mm] 25 to 60 4.0
No. 4 [4.75-mm| O t o l O 4.0
No. 8 [2.36-mmj O t o5 1.0

"*—• NOTE 5—All of the results required for demonstrating compliance
under this specification are dependent on the uniformity of the aggregate
samples prepared and used. Careful, skilled and well-supervised work is
essential

1 1 .3 Air-Entraining Admixture—Except when tests are
made in accordance with 11.4 using the air-entraining admix-
ture proposed for specific work, the air-entraining admixture
used in the concrete mixtures specified in Section 12 shall be

'??: a material such that when used to entrain the specified amount
of air in the concrete mixture will give concrete of satisfactory
resistance to freezing and thawing. The material to be so used
will be designated by the person or agency for whom the
testing is to be performed. If no material is designated,
"neutralized Vinsol resin"7 shall be used. Accomplish neutral-
ization by treating 100 parts of Vinsol resin with 9 to 15 parts
of NaOH by mass. In an aqueous solution, the ratio of water to
the resinate shall not exceed 12 to 1 by mass.

— TESTS FOR SPECIFIC USES
11.4 Materials for Tests—The effects of a chemical admix-

ture on the time of setting and water requirement of concrete
are known to vary with the time of its addition during the
batching and mixing sequence. To test a chemical admixture
for use in specific work, the cement, pozzolan, aggregates, and
air-entraining admixture used shall be representative of those
proposed for use in the work. Add the chemical admixture in
the same manner and at the same time during the batching and
mixing sequence as it will be added on the job. Proportion the
concrete mixtures to have the cement content specified for use
in the work. If the maximum size of coarse aggregate is greater
than 1 in. [25.0 mm], screen the concrete over a 1-in.
[25.0-mm] sieve prior to fabricating the test specimens.

11 .4.1 Other Use Conditions—Other conditions are known
to affect the overall suitability of the concrete mixture for
specific intended uses. These include the temperature of the
materials or the surroundings, the humidity, the length of time

7 Vinsol resin is manufactured by Hercules Inc., Wilmington, DE.

between mixing and placing, the amount of mixing activity and
other factors. These physical conditions may be incorporated
into the tests with intention for indicating the potential inter-
actions. These tests would be only for guidance. After incor-
poration of such test conditions it would not be suitable to
expect compliance with this specification requirement.

1 1 .5 Preparation and Batching—Prepare all material and
make all weighings as prescribed in Practice C 192/C 192M.
12. Proportioning of Concrete Mixtures

12.1 Proportions—Except when tests are being made for
specific uses, all concrete shall be proportioned using ACI
211 . 1-91 to conform to the requirements described in 12. 1 . 1 -
12. 1 .4. After evaluation of the trial mixtures, aggregate pro-
portions shall be adjusted as needed to obtain workable,
cohesive mixtures with the correct yield to obtain the required
contents. Unless otherwise specified, the admixture shall be
added with the first increment of mixing water that is added to
the mixer.

12 . 1 . 1 The cement content shall be 517 ± 5 Ib/yd 3 [307 ±
3 kg/m3].

12 . 1 .2 For the first trial mixture, refer to the table on volume
of coarse aggregate per unit volume of concrete in ACI
211 . 1-91 for guidance on the amount of coarse aggrgate to use,
given the nominal maximum size of the aggregate and the
fineness modulus of the fine aggregate being used (see Note 6

NOTE 6—Values in the referenced table of ACI 211.1-91 are intended
to ensure workable mixtures with the least favorable combinations of
aggregate likely to be used. It is suggested, therefore, (hat for a closer
approximation of the proportions required for this test, (he values selected
from this table be increased by about 7 for Ihe first trial mixture.

12.1 .3 For the non-air-entrained mixtures, the air content
used in calculating the proportions shall be 1.5, as shown in
Table number 5.3.3 of ACI 211.1-91. For the air-entrained
mixtures, the air content used for this purpose shall be 5.5.

12 . 1 .4 Adjust the water content to obtain a slump of 3V4 ±l/i in. [90 ±15 mm]. The workability of the concrete mixture
shall be suitable for consolidation by hand rodding and the
concrete mixture shall have the minimum water content
possible. Achieve these conditions by final adjustments in the
proportion of fine aggregate to total aggregate or in the amount
of total aggregate, or both, while maintaining the yield and
slump in the required ranges.

12.2 Conditions—Prepare concrete mixtures both with and
without the admixture under test. Refer herein to the concrete
mixture without the chemical admixture as the reference or
control concrete mixture. Add the admixture in the manner
recommended by the manufacturer and in the amount neces-
sary to comply with the applicable requirements of the speci-
fications for water reduction or time of setting, or both. When
desired by the person or agency for whom the tests are being
performed, the admixture is allowed to be added in an amount
such as to produce a specific time of setting of the concrete
mixture within the limits of the applicable provisions of this
specification.

12.2.1 Non-Air-Entrained Concrete—When the admixture
is to be tested for use only in non-air-entrained concrete, the air
content of both the mixture containing the admixture under test
and the reference concrete mixture shall be 3.5 % or less, and
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the difference between the air contents of the two mixtures
shall not exceed 1.0. If necessary, the air-entraining admixture
shall be added to the reference concrete mixture. Tests for
resistance to freezing and thawing shall not be made.

12.2.2 Air-Entrained Concrete—When the admixture is to
be tested for use only in air-entrained concrete, the air-
entraining admixture shall be added to the reference concrete
mixture and, if necessary, to the concrete mixture containing
the admixture under test in sufficient amounts to produce air
contents in the range 3.5 to 7.0 %, except that for tests for
resistance to freezing and thawing, the range shall be 6.0 ±
1.0 %. In both cases the difference between the air content of
the reference concrete and that of the concrete containing the
admixture under test shall not exceed 0.5.
13. Mixing

13. 1 Machine mix the concrete as prescribed in Practice
C 192/C 192M.
14. Tests and Properties of Freshly Mixed Concrete

14.1 Samples of freshly mixed concrete from at least three
separate batches for each condition of concrete shall be tested
in accordance with the methods described in 14.2-14.5.

14.2 Slump—Test Method C 143/C 143M.
14.3 Air Content—Test Method C 231 .
14.4 Time of Setting—Test Method C403/C403M, except

that the temperature of each of the ingredients of the concrete
mixtures, just prior to mixing, and the temperature at which the
time-of-setting specimens are stored during the test period shall
be 73 ± 3°F [23.0 ± 2.0°C].

14.5 Water Content:
14.5.1 Report the water-cement ratio of the concrete, com-

puted to the nearest 0.001, as follows: Determine the net water
content of the batch as the weight of water in the batch in
excess of that present as absorbed water in the aggregates.
Calculate the actual volume of concrete in the batch by
determining the density of concrete in the batch as prescribed
in Test Method C 138. Determine the water-cement ratio by
dividing the net weight of water by the weight of cement in the
batch.

14.5.2 Calculate the relative water content of the concrete
containing the admixture under test as a percentage of the
water content of the reference concrete as follows: Divide the
average water content of all batches of concrete containing the
admixture under test by the average water content of all
batches of the reference concrete and multiply the quotient by
100.
15. Preparation of Test Specimens

15.1 Make specimens for tests of hardened concrete, repre-
senting each test and age of test and each condition of concrete
being compared, from at least three separate batches, and the
minimum number of specimens shall be as prescribed in Table
2. On a given day make at least one specimen for each test and
age of test from each condition of concrete, except make at
least two specimens for the freezing and thawing test from each
condition of concrete. If desired, the preparation of all speci-
mens can be completed in one, two, or three days of mixing,
provided the test concrete and its reference are made on the
same day.

TABLE 2 Types and Minimum Number of Specimens and Tests

Water content
Slump
Air content
Time of setting
Compressive strength
Flexural strength
Freezing and thawing
Length change
Water reducing, high

range
Water reducing, high
— range and retarding

Num-
ber of
Types

of
Speci-
mens*

1
1
1
1
1
1
1

Num-
ber of
Test
Ages

1
1
1
D
5
3
1
1
6
6

Number
of Con-
ditions
of Con-
crete0

2
2
2
2
2
2
2
2

Num-
ber of
Speci-
mens,
min
c
C
C
6

30
18
12

6
36
36

"See Section 14 and 16.2.BSee 122 .c Determined on each batch of concrete mixed
°See 14.4.

15 .2 Manifestly Faulty Specimens—Visually examine each
group of specimens representing a given test or a given age of
test, including tests of freshly mixed concrete, before or during
the test, or both, whichever is appropriate. Discard any
specimen found to be manifestly faulty by such examination
without testing. Visually examine all specimens representing a
given test at a given age after testing, and should any specimen
be found to be manifestly faulty the test results thereof shall be
disregarded. Should more than one specimen representing a
given test at a given age be found manifestly faulty either
before or after testing, the entire test shall be disregarded and
repeated. The test result reported shall be the average of the
individual test results of the specimens tested or, in the event
that one specimen or one result has been discarded, it shall be
the average of the test results of the remaining specimens.
16. Test Specimens of Hardened Concrete

16 . 1 Number of Specimens—Six or more test specimens for
the freezing and thawing test and three or more test specimens
for each other type of test and age of test specified in Table 2
shall be made for each condition of concrete to be compared.

16.2 Types of Specimens—Specimens made from concrete
with and without the chemical admixture under test shall be
prepared in accordance with the following:

16.2.1 Compressive Strength—Make and cure test speci-
mens in accordance with Practice C 192/C 192M.

16.2.2 Flexural Strength—Make and cure test specimens in
accordance with Practice C 192/C 192M.

16.2.3 Resistance to Freezing and Thawing— Test speci-
mens shall consist of prisms made and cured in accordance
with the applicable requirements of Practice C 192/C 192M.
Test specimen dimensions shall be as required by Test Method
C 666. Make one set of specimens from the concrete mixture
containing the chemical admixture under test and from the
reference concrete mixture, the air content of each mixture
being as specified in 12.2.2.

16.2.4 Length Change—Make and cure test specimens in
accordance with Test Method C 157/C 157M. The moist-
curing period, including the period in the molds, shall be 14
days.
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17. Tests on Hardened Concrete

17. 1 Test specimens of hardened concrete (see Table 1) in
accordance with the following methods :

17. 1 . 1 Compressive Strength—Test Method C 39/C 39M.
Test specimens at ages of 1, 3, 7, and 28 days, 6 months, and
1 year. Calculate the compressive strength of the concrete
containing the admixture under test as a percentage of the
compressive strength of the reference concrete as follows:

17 . 1 . 1 . 1 Divide the average compressive strength of the
specimens made from the concrete containing the admixture
under test at a given age of test by the average compressive
strength of the specimens made from the reference concrete at
the same age of test and multiply the quotient by 100.

17.1 . 1 .2 When tests are conducted with materials represen-
tative of those proposed for a specific use in accordance with
11 .4, and if the results of the tests are required in a period of
time that will not permit curing of specimens to ages of 6
months and 1 year, the tests at those ages are permitted to be
waived.

17 . 1 .2 Flexural Strength—Test Method C 78. Test speci-
mens at ages 3, 7, and 28 days. Calculate the flexural strength
of the concrete containing the admixture under test as a
percentage of the flexural strength of the reference concrete as
follows:

17 . 1 .2 . 1 Divide the average flexural strength of the speci-
mens made from the concrete containing the admixture under
test at a given age of test by the average flexural strength of the
specimens made from the reference concrete at the same age of
test, and multiply the quotient by 100.

17 . 1 .3 Resistance to Freezing and Thawing— Comparison
tests of the concrete containing the admixture under test with
the reference concrete mixture shall be made concurrently
using Procedure A of Test Method C 666. Place specimens
under test at the age of 14 days. Calculate the relative
durability factors as shown in Specification C 260.

17. 1 .4 Length Change—Test specimens shall consist of
molded prisms made and tested in accordance with Test
Method C 157/C 157M except that the moist curing period,
including the period in the molds, shall be 14 days. Then store
the specimens in air under conditions specified in the section
on Air Storage of Test Method C 157/C 157M for a period of
14 days, at which time determine the length change of the
specimen. Consider the drying shrinkage to be the length
change during the drying period, based on an initial measure-
ment at the time of removal of the specimen from the mold,
and express it as percent to the nearest 0.001 % based on the
specimen gage length. If the length change of the reference
concrete after 14 days of drying is 0.030 % or greater, the
length change on drying of concrete containing the admixture
under test, expressed as percent of the length change of the
reference concrete, shall not exceed the maximum specified in
Table 1. If the length change of the reference concrete after 14
days of drying is less than 0.030%, the length change on
drying of concrete containing the admixture under test shall be
not more than 0.010 percentage units greater than that of the
reference concrete.

NOTE 7—Since the specific effects produced by chemical admixtures
may vary with the properties of the other ingredients of the concrete,

results of length change tests using aggregates of such a nature that the
lenglh change on drying is low may not accurately indicate relative
performance to be expected with other aggregates having properties such
as to produce concrete of high length change on drying.
18. Uniformity and Equivalence Tests

18 . 1 Infrared Analysis—This test procedure is intended to
compare qualitatively the composition of different samples and
results should not be interpreted quantitatively. Sections 18 . 1 . 1 ,
18 . 1 .2 . and 18 . 1 .3 give a general procedure for the infrared
analysis of admixtures (see Note 8).

18. 1 . 1 Liquid Admixtures—Determine the dissolved solids
concentration by 18.2 and dilute an aliquot of the liquid
admixture sample with distilled water to yield a dissolved
solids concentration of about 0.015 g/mL, for example, a 5-mL
aliquot diluted to 200 mL. Pipet 5 mL of above solution and
add it to a petri dish with 2.5 g of potassium bromide of a grade
suitable for use in infrared analysis and 5 mL of distilled water.
Stir and mix to dissolve. Place in a drying oven ( 18 .2 . 1 . 1 ) and
dry for 17 ± Vih at 105 ± 3°C. Cool and transfer the dried
residue to a mortar and grind to a fine powder. Work quickly to
avoid moisture pick-up. Weigh 0.1 g of the powder and 0.4 g
of potassium bromide of a grade suitable for use in infrared
analysis. Mix in an electric amalgamator for 30 s using
stainless steel capsule and balls. Proceed in accordance with
18 . 1 . 3 .

18. 1 .2 Non-liquid Admixtures—Grind 10 g to a fine powder
with mortar and pestle. Transfer the sample to a petri dish,
place in a drying oven ( 18 .2 . 1 . 1 ) and dry for 17 ± V4 h at 105
± 3°C. Weigh approximately 0.005 g of the dry powder and
0.995 g of potassium bromide of a grade suitable for use in
infrared analysis. Mix in an electric amalgamator for 30 s using
stainless steel capsule and balls. Proceed in accordance with
18 . 1 .3 .

18 . 1 .3 To prepare a disk for infrared analysis, weigh 0.300
g of the mixture prepared in 18 . 1 . 1 or 18 . 1 .2 and transfer into
a suitable die. If an evacuable die is used, apply vacuum for 2
min prior to pressing. Continue vacuum and press at a suitable
force for 3 min, producing a disk about 1 mm thick. Remove
the disk from the die, insert into the infrared spectrophotometer
and obtain infrared absorption spectra.

NOTE 8—It is important that the same procedures be used on all
samples to be compared with each other and preferably that they be
conducted by the same analyst. Major changes in infrared spectra may
result from ( a) water content differences due to drying variations, ( b)
water picked up by hygroscopic materials, (c) reaction between the
potassium bromide and some other compound present, and (d) differences
in time between formation of the disk and its use. Also, the threshold for
detection of individual components by infrared absorption varies widely,
depending upon the identity and concentration of accompanying sub-
stances. For example, significant amounts of saccharides may be present
in a lignosulfonate admixture without their presence being indicated by
this method.

18.2 Residue by Oven Drying (Liquid Admixtures):
18.2. 1 Place 25 to 30 g of standard Ottawa sand (20 to 30

mesh) in a wide-mouth, low-form (about 60 mm inside
diameter and 30 mm in height) glass weighing bottle provided
with a ground-glass stopper. Place the weighing bottle and
stopper, with stopper removed, in a drying oven ( 18.2. 1 . 1 ) and
dry for 17 ± 1A h at 105 ± 3°C (Note 7). Insert the stopper in
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the weighing bottle, transfer to a desiccator, cool to room
temperature, and weigh to the nearest 0.001 g. Remove the
stopper and, using a pipet, evenly distribute 4 ml of the liquid
admixture over the sand. Immediately insert the stopper to
avoid loss by evaporation and weigh to the nearest 0.001 g.
Remove the stopper and place both the bottle and stopper in a
drying oven ( 18.2. 1 . 1 ) . Dry for 17 ± Vihat 105 ± 3°C. At the
end of the drying period, stopper the weighing bottle, transfer
to a desiccator, cool to room temperature, and weigh to the
nearest 0.001 g.

18 .2 . 1 . 1 Drying Oven—The drying oven shall be either a
forced circulation type or one with provision for free access of
air. There shall be precise control of temperature and time of
drying so that the degree of volatilization of the material other
than water from sample to sample will not vary.

18.2.2 Calculation:
18.2.2.1 Record the following masses:

mt = mass of stoppered bottle with sand and sample,
m2 = mass of stoppered bottle with sand,m 3 = m1 — m2= mass of sample,
m4 = mass of stoppered bottle with sand and dried residue,

and
m s = m4- m2 = mass of dried residue.

18.2.2.2 Calculate the residue by using the following equa-
tion:

Residue by oven drying (percent by mass) = (ms X 100)/m3 (1)

NOTE 9—For laboratories conducting this test as a routine operation,
previously dried sand and weighing bottles can be maintained in desic-
cators so that they are immediately available for use when a sample is to
be tested.

18.2.3 Precision Statement—The maximum multilaboratory
coefficient of variation for residue by oven drying (liquid
admixtures) has been found to be 1.25 %. Therefore, results of
tests by two different laboratories on identical samples of an
admixture are not expected to differ from each other by more
than 3.5 % of their average (Note 10). The maximum single-
operator coefficient of variation has been found to be 0.6 %.
Therefore, results of two properly conducted tests by the same
operator on the same material are not expected to differ by
more than 1.7 %.

NOTE 10—The precision statements are based on the maximum varia-
tion of tests made in 18 laboratories on sets of three duplicate samples of
two different admixtures.

18.3 Residue by Oven Drying (Nonliquid Admixtures):
18 .3 . 1 Place about 3 g of the nonliquid admixture into a

dried and tared glass-stoppered weighing bottle (similar to the
one described in 18 .2 . 1 ) . Stopper and determine the mass of the
bottle and contents to the nearest 0.001 g. Remove the stopper
and immediately place both bottle and stopper in a drying oven
( 18 .2 . 1 . 1 ) . Dry for 17 ± '/4 h at 105 ± 3°C. At the end of the
drying period, stopper the weighing bottle, transfer to the
desiccator, cool to room temperature, and weigh to the nearest
0.001 g.

18 .3 .2 Calculation:
18 .3 .2 . 1 Record the following masses:

mt = mass of tared stoppered weighing bottle and sample
before drying,

m 2 = mass of empty, stoppered weighing bottle,
m3 = mass of sample = (m1 - m2),m 4 = mass of tared stoppered weighing bottle and sample

after drying, and
ms = mass of oven-dried residue = m 4 - m2.

18.3.2.2 Calculate the oven-dried residue by using the
following equation:

Residue by oven drying (mass percent) = [m X 100]An 3 (2)

18 .3 .3 Precision Statement—The maximum multilaboratory
coefficient of variation for residue by oven-drying (non-liquid
admixture) has been found to be 1.40 %. Therefore, results of
tests by two different laboratories on identical samples of an
admixture are not expected to differ from each other by more
than 4.0 % of their average. The maximum single-operator
coefficient of variation for residue by oven drying (non-liquid
admixture) has been found to be 0.48 %. Therefore, results of
two properly conducted tests by the same operator on the same
material are not expected to differ by more than 1.4 % of their
average. Note 10 also applies to 18 .3 .3 .

ISA Specific Gravity (Liquid Admixtures):
18 .4. 1 Determine the specific gravity at 25 ± 1°C of a

liquid admixture using hydrometers complying with Specifi-
cation E 100. Hydrometers No. 112H through 117H will cover
the range for most determinations. A250-mL graduated cylin-
der, and a water bath capable of maintaining 25 ± 1°C will also
be required.

18.4.2 Place a sample in the 250-mL graduated cylinder and
put in the hydrometer in such a manner that it floats free and
does not touch the side of the cylinder. Place the cylinder with
sample and hydrometer in the constant-temperature bath until
the temperature of the cylinder, hydrometer, and sample is
uniform at 25 ± 1"C. If all are at proper temperature prior to
insertion of the hydrometer, approximately 10 min should be
allowed for equilibrium. If the sample shows evidence of
foaming, hydrometer reading should be continued until con-
stant readings are obtained. Read the hydrometer at the base of
the meniscus to the nearest 0.005.

18.4.2. 1 If foaming is encountered during transfer of the
admixture to the cylinder, sufficient time shall be allowed for
the foam to dissipate or rise to the surface, where it shall be
removed before inserting the hydrometer. Crusting of the
admixture on the hydrometer stem due to evaporation during
temperature adjustment shall be avoided.

18.4.3 Precision Statement—The maximum multilaboratory
coefficient of variation for specific gravity (liquid admixtures)
has been found to be 0.316%. Therefore, results of two
different laboratories on identical samples of an admixture are
not expected to differ from each other by more than 0.9 % of
their average (Note 10). The maximum single-operator coeffi-
cient of variation has been found to be 0.09 %. Therefore,
results of two properly conducted tests by the same operator on
the same material are not expected to differ by more than
0.275 %.
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19. Report

19 . 1 Report the following:
19 . 1 . 1 Results of the tests specified in Sections 6, 14, and

17, and the relevant specification requirements with which they
are compared,

19 . 1 .2 Brand name, manufacturer's name, and lot number,
character of the material, and quantity represented by the
sample of the admixture under test,

19.1 .3 Brand name, manufacturer's name, and other perti-
nent data on the material used as the air-entraining admixture,

19.1 .4 Brand name, manufacturer's name, type, and test
data on the portland cement or cements used,

19.1 .5 Description of, and test data on the fine and coarse
aggregates used.

19 . 1 .6 Detailed data on the concrete mixtures used, includ-
ing amounts and proportions of admixtures used, actual cement
factors, water-cement ratios, unit water contents, ratios of fine
to total aggregate, slump, and air content, and

19. 1 .7 In the event that, in accordance with the provisions of
17. 1 . 1 .2 , some of the tests have been waived, the circum-
stances under which such action was taken shall be stated.

20. Keywords
20.1 accelerating; chemical admixtures; concrete; physical

requirements; retarding; testing; water reducing
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<1 Designation: C 618 - 01

Standard Specification forCoal Fly Ash and Raw or Calcined Natural Pozzolan for Useas a Mineral Admixture in Concrete1

This standard is issued under the fixed designation C 618; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (t) indicates an editorial change since the last revision or reapproval.
This standard has been approved far use by agencies of the Department of Defense.

1. Scope *
1.1 This specification covers coal fly ash and raw or

calcined natural pozzolan for use as a mineral admixture in
concrete where cementitious or pozzolanic action, or both, is
desired, or where other properties normally attributed to finely
divided mineral admixtures may be desired, or where both
objectives are to be achieved.

NOTE 1—Finely divided materials may tend to reduce the entrained air
content of concrete. Hence, if a mineral admixture is added to any
concrete for which entrainment of air is specified, provision should be
made to ensure that Ihe specified air content is maintained by air content
tests and by use of additional air-entraining admixture or use of an
air-entraining admixture in combination with air-entraining hydraulic
cement

1.2 The values stated in SI units are to be regarded as the
standard.

1.3 The text of this standard references notes and footnotes,
which provide explanatory information. These notes and foot-
notes (excluding those in tables and figures) shall not be
considered as requirements of the standard.
2. Referenced Documents

2.1 ASTM Standards:
C 125 Standard Terminology Relating to Concrete and Con-
crete Aggregates2

C 311 Test Methods for Sampling and Testing Fly Ash or
Natural Pozzolans for Use as a Mineral Admixture in
Portland-Cement Concrete2

3. Terminology
3.1 Definitions:
3.1.1 The terms used in this specification are defined in

Terminology C 125.
3.1.2 fly ash—the finely divided residue that results from

the combustion of ground or powdered coal and that is
transported by flue gasses.

1 This specification is under the jurisdiction of ASTM Committee C09 on
Concrete and Concrete Aggregates and is the direct responsibility of Subcommittee
C09.24 on Ground Slag and Pozzolanic Admixtures.

Current edition approved Aug. 10, 2001. Published September 2001. Originally
published as C6 18 -68T to replace C350 and C402. Last previous edition
C618-00.J Annual Book of ASTM Standards, Vol 04.02.

NOTE 2—This definition of fly ash does not include, among other
things, the residue resulting from: (/) the burning of municipal garbage or
any other refuse with coal; (2) the injection of lime directly into Ihe boiler
for sulfur removal; or (5) the burning of industrial or municipal garbage
in incinerators commonly known as "incinerator ash"
4. Classification

4.1 Class N—Raw or calcined natural pozzolans that com-
ply with the applicable requirements for the class as given
herein, such as some diatomaceous earths; opaline cherts and
shales; tuffs and volcanic ashes or pumicites, calcined or
uncalcined; and various materials requiring calcination to
induce satisfactory properties, such as some clays and shales.

4.2 Class F—Fly ash normally produced from burning
anthracite or bituminous coal that meets the applicable require-
ments for this class as given herein. This class fly ash has
pozzolanic properties.

4.3 Class C—Fly ash normally produced from lignite or
subbituminous coal that meets the applicable requirements for
this class as given herein. This class of fly ash, in addition to
having pozzolanic properties, also has some cementitious
properties.

NOTE 3—Some Class C fly ashes may contain lime contents higher than
10%.
5. Ordering Information

5.1 The purchaser shall specify any supplementary optional
physical requirements.

5.2 The purchaser shall indicate which procedure, A or B,
shall be used when specifying requirements for effectiveness in
contribution to sulfate resistance under Table 3.
6. Chemical Composition

6.1 Fly ash and natural pozzolans shall conform to the
requirements as to chemical composition prescribed in Table 1.
7. Physical Properties

7.1 Fly ash and natural pozzolans shall conform to the
physical requirements prescribed in Table 2. Supplementary
optional physical requirements are shown in Table 3.
8. Methods of Sampling and Testing

8.1 Sample and test the mineral admixture in accordance

•A Summary of Changes section appears at the end of this standard.
Copyright C ASTM, 100 Barr Haitrar Drive. West ConshohocKen. PA 19428-2959. United States.
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with the requirements of Test Methods C 3 1 1 .

8.2 Use cement of the type proposed for use in the work
and, if available, from the mill proposed as the source of the
cement, in all tests requiring the use of hydraulic cement.
9. Storage and Inspection

9.1 The mineral admixture shall be stored in such a manner
as to permit easy access for proper inspection and identification
of each shipment.

9.2 Inspection of the material shall be made as agreed upon
by the purchaser and the seller as part of the purchase contract.
10. Rejection

10.1 The purchaser has the right to reject material that fails
to conform to the requirements of this specification. Rejection
shall be reported to the producer or supplier promptly and in
writing.

10.2 The purchaser has the right to reject packages varying
more than 5 % from the stated weight. The purchaser also has
the right to reject the entire shipment if the average weight of

the packages in any shipment, as shown by weighing 50
packages taken at random, is less than that specified.

10.3 The purchaser has the right to require that mineral
admixture in storage prior to shipment for a period longer than
6 months after testing be retested. The purchaser has the right
to reject such material if it fails to meet the fineness require-
ments.
11. Packaging and Package Marking

1 1 . 1 When the mineral admixture is delivered in packages,
the class, name, and brand of the producer, and the weight of
the material contained therein, shall be plainly marked on each
package. Similar information shall be provided in the snipping
invoices accompanying the shipment of packaged or bulk
mineral admixture.
12. Keywords

12.1 fly ash; mineral admixtures; natural pozzolan; poz-
zolans

SUMMARY OF CHANGES
This section identifies the location of changes to this specification that have been incorporated since the last

issue.

(1) Revised sections 5 and 6. Chemical Requirements" was deleted.
(2) The Table previously titled "Supplementary Optional

TABLE 1 Chemical Requirements
Mineral Admixture Class

Silicon dioxide (SiO2) plus aluminum oxide (AI2O3) plus iron oxide (min, %
Sulfur trioxide (SO3), max, %
Moisture content, max, %
Loss on ignition, max, %

700
4.0
3.0

10.0

70.0
5.0
3.0
6.0*

50.0

50
3.0
6.0

•*The use o) Class F pozzolan containing up to 12.0 % loss on ignition may be approved by the user if either acceptable performance records or laboratory test results
are made available
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TABLE 2 Physical Requirements

Mineral Admixture Class

Fineness:
Amount retained when wet-sieved on 45 urn (No. 325) sieve,

max, %•*
Strength activity index:B

With Portland cement, at 7 days, min, percent of
control

With portland cement, at 28 days, min, percent of
control

Water requirement, max, percent of control
Soundness: °
Autoclave expansion or contraction, max, %
Uniformity requirements:
The density and fineness of individual samples
shall not vary from the average established by the
ten preceding tests, or by all preceding tests fl the
number is less than ten, by more than:

Density, max variation from average, %
Percent retained on 45-um (No. 325), max variation,
percentage points from average __ __ ___ ___

34

75C

75C

1 15

0.8

34

75C

75C

105

08

34

75C

75C

105

08

*Care should be taken to avoid the retaining of agglomerations of extremely fine material.
^The strength activity index with Portland cement is not to be considered a measure of the compressive strength of concrete containing the mineral admixture The mass

of mineral admixture specified for the test to determine the strength activity index with portland cement is not considered to be the proportion recommended for the concrete
to be used in the work. The optimum amount of mineral admixture for any specific project is determined by the required properties of the concrete and other constituents
of the concrete and is to be established by testing. Strength activity index with portland cement is a measure of reactivity with a given cement and may vary as to the source
of both the mineral admixture and the cement.
Meeting the 7 day or 28 day strength activity index will indicate specification compliance.
"If the mineral admixture will constitute more than 20 % by weight of the cementitious material in the project mix design, the test specimens for autoclave expansion

shall contain that anticipated percentage. Excessive autoclave expansion is highly significant in cases where water to mineral admixture and cement ratios are low, for
example, in block or shotcrete mixes.

TABLE 3 Supplementary Optional Physical Requirements
NOTE 1—These optional requirements apply only when specifically requested.

Mineral Admixture Class

Multiple factor, calculated as the product of loss on ignition and fineness,
amount retained when wet-sieved on 45-um (No. 325) sieve, max, %*

Increase of drying shrinkage of mortar bars at 28 days, max, difference, in %,
over control8

Uniformity Requirements:
In addition, when air-entraining concrete is specified, the quantity of air-
entraining agent required to produce an air content of 180 vol % of mortar
shall not vary from the average established by the ten preceding tests or by all
preceding tests if less than ten, by more than, %

Effectiveness in Controlling Alkali-Silica Reaction:c
Expansion of test mixture as percentage of low-alkali cement control, at 14

days, max, %
Effectiveness in Contributing to Sutfate Resistance:0
Procedure A:
Expansion of test mixture:

For moderate sulfate exposure after 6 months exposure, max, %
For high sulfate exposure after 6 months exposure, max, %

Procedure B:
Expansion of test mixture as a percentage of sulfate resistance cement

control after at least 6 months exposure, max.%

003

20

100

0. 10
005
100

255
003

20

100

0.10
0.05
100

003

20

100

0 1 0
005
100

^Applicable only for Class F mineral admixtures since the loss on ignition limitations predominate for Class C
Determination of compliance or noncompliance with the requirement relating to increase in drying shrinkage will be made only at the request of the purchaser.
Mineral admixtures meeting this requirement are considered as effective in controlling alkali aggregate reactions as the use of the low-alkali control cement used in

the evaluation. However, the mineral admixture shall be considered effective only when the mineral admixture is used at percentages by mass of the total cement it ious
material equal to or exceeding that used in the tests and when the alkali content of the cement to be used with the mineral admixture does not exceed that used in the
tests by more than 0 05 % See Appendix XI, Test Methods C 311.

°Fly ash or natural pozzolan shall be considered effective only when the fly ash or natural pozzolan is used at percentages, by mass, of the total cementitious material
within 2 % of those that are successful in the test mixtures or between two percentages that are successful, and when the CjA content of the project cement is less than,
or equal to, that which was used in the test mixtures. See Appendix X2 of Test Method C 311 .
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Standard Specification forChemical Admixtures for Use in Producing FlowingConcrete1
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year of original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last
reapproval. A superscript epsilon (e) indicates an editorial change since the last revision or reapproval

This specification has been approved for use by agencies of ihe Department of Defense.

1. Scope
1.1 This specification covers two types of chemical admix-

tures to be added to hydraulic cement concrete mixtures for the
purpose of producing flowing concrete. The types are as
follows:

1 . 1 . 1 Type I — Plasticizing, and
1 . 1 .2 Type II — Plasticizing and retarding.

— 1.2 This specification stipulates tests of a chemical admix-
ture with reference concreting materials or with concrete-
making materials proposed for specific work. Unless otherwise
specified by the purchaser, the tests shall be made using
reference concreting materials.

1.3 If a chemical admixture has been tested and found to
comply with the provisions of this specification using reference

: materials, and is being considered for use with other materials
'for specific work, additional tests for such use are allowed if
agreed upon between the purchaser and the supplier and are
allowed to consist of a portion of the tests described herein.

1.4 This specification provides for three levels of testing.
1 .4. 1 Level 1 — During the initial approval stage, proof of

compliance with the performance requirements defined in
Table 1 demonstrates that the admixture meets the require-
ments of this specification. Uniformity and equivalence tests of
the section on Lot Uniformity and Equivalence shall be carried
'Ut to provide results against which later comparisons can be

TABLE 1 Physical Requirements*

1.4.2 Level 2 — Limited retesting described in the section
relating to general requirements may be requested at intervals
by the purchaser. Proof of compliance with the requirements of
Table 1 demonstrates continued conformity of the admixture
with the requirements of the specification.

1.4.3 Level 3 — For acceptance of a lot or for measuring
uniformity within or between lots, when specified by the
purchaser, the uniformity and equivalence tests of the section
on Lot Uniformity and Equivalence shall be used.

1.5 The values stated in SI units are to be regarded as
standard. The values in inch-pound units shown in parentheses

1 This specification is under the jurisdiction of ASTM Committee C-9 on
Concrete and Concrete Aggregatesand is the direct responsibility of Subcommittee
C09.23on Chemical Admixtures.

Curtail edition approved Nov. 10, 1998. Published March 1999. Originally
published as C 1017 - 85. Last previous edition C 1017 - 97.

Type I
Plasticizing

Type II
Plasticizing

and
Retarding

Time of selling, allowable deviation from
Reference, h

Initial: at least not more than

Final: at least not more than

Increase in slump, min.
Compressive strength, min., % of reference

3 days
7 days

28 days
6 months
1 year

Flexural strength, min., % of reference
3 days
7 days

28 days
Length change after 14 days drying, max
shrinkage (alternative requirements):8

% of reference
Increase over reference, in.

Relative durability factor, min.c

earlier nor
1 '/2 later

1 later
3Vi later

1 earlier nor 3Vi later
1V4 later

90 mm (3.5 in.) 90 mm (3 5 in.)
90
90
90
90
90
90
90
90

135
0.010
80

90
90
90
90
90
90
90
90

135
00 10
80

'The values in the table include allowance for normal variation in the test results.
The object of Ihe 90 % strength requirements is to require a level of performance
comparable to that of the reference concrete

Alternative Requirements—Percent of reference limit applies when length
change of reference is 0.030 % or greater; increase over reference limit applies
when length change of reference is less than 0.030 %.

°The requirement is applicable only when the admixture is to be used in
air-entrained concrete which may be exposed to freezing and thawing while wet.

are provided for information purposes only.
NOTE 1—It is recommended that, whenever practicable, tests be made

using the concrete-making materials (cement, pozzolan, slag, aggregates,
air-entraining admixture), the mixture proportions, and the batching
sequence and other physical conditions proposed for the specific work.
The specific effects produced by chemical admixtures may vary with the
properties and proportions of Ihe other ingredients of the concrete.

NOTE 2—Temperature has a pronounced effect on time of setting of
concrete. This may be exaggerated by the use of admixture Types I and II.
If concrete temperatures to be expected on a particular job differ
significantly from the conditions set forth in this specification, further
testing may be desirable.

NOTE 3—An unusually rapid loss of workability with time, sometimes
termed "slump loss", can be experienced with these admixtures. The rate
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of slump loss will vary with the particular concreting materials and
proportions, mixing equipment and procedures, and temperatures experi-
enced on any particular job. At elevated temperatures, the slump may be
retained for a longer period if a Type II admixture is used.

NOTE 4—Admixtures that contain relatively large amounts of chloride
may accelerate corrosion of prestressing steel Compliance with the
requirements of this specification does not constitute assurance of accept-
ability of the admixture for use in prestressed concrete (see ACI 318).

NOTE 5—Admixtures that contain relatively large amounts of alkali (Na
2O + 0.658 K2O) may contribute to reaction with some aggregates.
Compliance with the requirements of this specification does not assure
acceptability when used with alkali-reactive aggregates and some ce-
ments.

1.6 The text of this standard references notes and footnotes
which provide explanatory material. These notes and footnotes
(excluding those in tables and figures) shall not be considered
as requirements of the standard.

1.7 The following precautionary caveat pertains only to the
test method sections of this specification: This standard does
not purport to address all of the safety concerns, if any,
associated with its use. It is the responsibility of the user of this
standard to establish appropriate safety and health practices
and determine the applicability of regulatory limitations prior
to use.
2. Referenced Documents

2.1 ASTM Standards:
C 33 Specification for Concrete Aggregates2
C 39 Test Method for Compressive Strength of Cylindrical
Concrete Specimens2

C 78 Test Method for Flexural Strength of Concrete (Using
Simple Beam with Third-Point Loading)2

C 136 Test Method for Sieve Analysis of Fine and Coarse
Aggregate2

C 138 Test Method for Unit Weight, Yield, and Air Content
(Gravimetric) of Concrete2

C 143 Test Method for Slump of Hydraulic Cement Con-
crete2

C 150 Specification for Portland Cement3
C 157 Test Method for Length Change of Hardened Hy-
draulic Cement Mortar and Concrete2

C 173 Test Method for Air Content of Freshly Mixed
Concrete by the Volumetric Method2

C 183 Practice for Sampling and the Amount of Testing of
Hydraulic Cement3

C 192 Practice for Making and Curing Concrete Test Speci-
mens in the Laboratory2

C 231 Test Method for Air Content of Freshly Mixed
Concrete by the Pressure Method2

C 260 Specification for Air-Entraining Admixtures for Con-
crete2

C 403 Test Method for Time of Setting of Concrete Mix-
tures by Penetration Resistance2

C 494 Specification for Chemical Admixtures for Concrete2

C 6 1 8 Specification for Fly Ash and Raw or Calcined
Natural Pozzolan for Use as a Mineral Admixture in
Portland Cement Concrete2

C 666 Test Method for Resistance of Concrete to Rapid
Freezing and Thawing2

C 778 Specification for Standard Sand3

D 75 Practice for Sampling Aggregates4
D 1193 Specification for Reagent Water5
E 100 Specification for ASTM Hydrometers6
Manual of Aggregate and Concrete Testing2

2.2 American Concrete Institute Standard:7
ACI 2 1 1 . 1 -8 1 Recommended Practice for Selecting Propor-

tions for Normal and Heavyweight Concrete
ACI 318-83 Building Code Requirements for Reinforced

Concrete
3. Terminology

3.1 Definitions of Terms Specific to This Standard:
3 . 1 . 1 flowing concrete—concrete that is characterized by a

slump greater than 7Vi in. ( 190 mm) while maintaining a
cohesive nature, and which otherwise meets the requirements
of Table 1.

3 . 1 .2 plasticizing admixture— a chemical admixture which,
when added to concrete, produces flowing concrete without
further addition of water and does not retard the setting of the
concrete.

3 . 1 .3 plasticizing and retarding admixture—a chemical ad-
mixture which, when added to concrete, produces flowing
concrete without further addition of water and retards the
setting of concrete.

3.1 .4 reference concrete—concrete which contains the same
amounts of cement, aggregates, water, and other concreting
materials, but no plasticizing admixture.

3 . 1 . 5 test concrete—concrete which has a plasticizing ad-
mixture added.
4. Ordering Information

4.1 When the purchaser specifies flowing concrete, he shall
also specify the type of chemical admixture desired. If not
specified, the requirements of Type I will apply.
5. Genera] Requirements

5.1 For initial compliance with this specification, test con-
crete in which each type of admixture shown in 1.1 is used
shall conform to the respective requirements prescribed in
Table 1.

5.2 The purchaser is allowed to require a limited retesting to
confirm current compliance of the admixture to specification
requirements. The limited retesting will cover physical prop-
erties and performance of the admixture.

5.2.1 The physical properties retesting shall consist of
uniformity and equivalence tests for infrared analysis, residue
by oven drying and specific gravity.

5.2.2 The performance property retesling shall consist of
water content of fresh concrete, setting time and compressive
strength at 3, 7 and 28 days.

2 Annual Book of ASTM Standards, Vol 04.02.3 Annual Book of ASTM Standards, Vol 04.01.

4 Annual Book of ASTM Standards, Vol 04.03.5 Annual Book of ASTM Standards, Vol 11.01.
'Annual Book of ASTM Standards, Vol 14.03.7 Available from the American Concrete Institute, 38800 Country Club Drive,

Farminglon Hills, MI 48331.
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NOTE 6—Additional performance tests currently in this standard may

oe required by users having special requirements.
5.3 At the request of the purchaser, the manufacturer shall

state in writing that the admixture supplied for use in the work
is identical in all essential respects, including concentration, to
the admixture tested for conformance under this specification.

5.4 At the request of the purchaser, when the chemical
admixture is to be used in prestressed concrete, the manufac-
turer shall state in writing the chloride content of the admixture
and whether or not chloride has been added during its
manufacture.

5.5 Tests for uniformity and equivalence shall be made on
the initial sample and the results retained for reference and
comparison, with the results of tests of samples taken from
elsewhere within the lot or subsequent lots of admixture
supplied for use in the work.
6. Lot Uniformity and Equivalence

6.1 When specified by the purchaser, the uniformity of a lot,
• the equivalence of different lots from the same source, shall

^-^e established by the use of the following requirements:
6. 1 . 1 Infrared Analysis—The absorption spectra of the ini-

tial sample and the test sample, obtained as specified, shall be
essentially similar.

6.1 .2 Residue by Oven Drying (Liquid Admixtures)—When
dried as specified, the oven-dried residues of the initial sample
and of subsequent samples shall be within a range of variation

" . - . . . . of not greater than five percentage points.
' r' 6.1 .3 Residue by Oven Drying (Nonliquid Admixtures)—

When dried as specified, the oven-dried residues of the initial
sample and of the subsequent samples shall be within a range
of variation not greater than four percentage points.

6.1 .4 Specific Gravity (Liquid Admixtures)—When tested as
specified, the specific gravity of subsequent test samples shall
not differ from the specific gravity of the initial sample by more
than 10 % of the difference between the specific gravity of the
initial sample and that of reagent water at the same tempera-
ire. Reagent water conforming to Specification D 1193, Types

""—in or IV, and prepared by distillation, ion exchange, reverse
osmosis, electrodialysis, or a combination of these procedures
is adequate.

6.2 When the nature of the admixture or the analytical
capability of the purchaser make some or all of these proce-
dures unsuitable, other requirements for uniformity and
equivalence from lot to lot or within a lot shall be established
by agreement between the purchaser and the manufacturer.
7. Sampling and Inspection

7.1 Every facility shall be provided the purchaser for careful
sampling and inspection, either at the point of manufacture or
at the site of the work, as specified by the purchaser.

7.2 Samples shall be either grab or composite samples, as
specified or required by this specification. A grab sample is one
obtained in a single operation. A composite sample is one
obtained by combining three or more grab samples.

7.3 Samples will be taken for two reasons:
7.3 . 1 Quality Tests—A sample taken for the purpose of

evaluating the quality of a source or lot of admixture will be
required to meet all the applicable requirements of this

specification. Samples used to determine conformance with the
requirements of this specification shall be composites of grab
samples taken from sufficient locations to ensure that the
composite sample will be representative of the lot.

7.3.2 Uniformity and Equivalence Tests— When specified
by the purchaser, a sample taken for the purpose of evaluating
the uniformity of a single lot, or equivalence of different lots
from one source, shall be tested as provided in Section 6. Such
samples shall be composite samples from individual lots when
different lots from the same source are being compared. When
the uniformity of a single lot is being determined, grab samples
shall be used.

7.4 Liquid Admixtures—Liquid admixtures shall be agitated
thoroughly immediately prior to sampling. Grab samples taken
for quality or uniformity tests shall represent not more than
2500 gal (9500 L) of admixture and shall have a volume of at
least 1 qt (1 L). A minimum of three grab samples shall be
taken. Composite samples shall be prepared by thoroughly
mixing the grab samples selected and the resultant mixture
sampled to provide at least 1 gal (4 L) for quality tests. Grab
samples shall be taken from different locations well distributed
throughout the quantity to be represented.

7.4.1 Admixtures in bulk storage tanks shall be sampled
equally from the upper, intermediate, and lower levels by
means of drain cocks in the sides of the tanks or a weighted
sampling bottle fitted with a stopper that can be removed after
the bottle is lowered to the desired depth.

7.4.2 Samples shall be packaged in impermeable, airtight
containers which are resistant to corrosion.

7.5 Nonliquid Admixtures—Grab samples taken for quality
or uniformity tests shall represent not more than 2 tons (1800
kg) of admixture and shall weigh at least 2 Ib (1 kg). A
minimum of four grab samples shall be taken. Composite
samples shall be prepared by thoroughly mixing the grab
samples selected and the resultant mixture sampled to provide
at least 5 Ib (2.3 kg) for the composite sample. Grab samples
shall be taken from different locations well distributed through-
out the quantity to be represented.

7.5 . 1 Samples of packaged admixtures shall be obtained by
means of a tube sampler as described in Practice C 183.

7.5.2 Samples shall be packaged in moisture-proof, airtight
containers.

7.6 Samples shall be thoroughly mixed before testing to
ensure uniformity. When recommended by the manufacturer,
the entire sample of a nonliquid admixture shall be dissolved in
water prior to testing.

TEST METHODS
8. Scope

8.1 These test methods are based on arbitrary stipulations
which make possible highly standardized testing in the labo-
ratory and are not intended to simulate actual job conditions.
9. Apparatus

9.1 Infrared Spectrophotometer.
9.2 Hydrometers, Nos. 112H through 117H in accordance

with Specification E 100.
9.3 Water Bath, capable of maintaining 25 ± 1°C.
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10. Reagents and Materials

10.1 Reagents:
10 . 1 . 1 Purity of Water—Unless otherwise indicated, refer-

ences to water shall be understood to mean reagent water as
denned by Types ffl or IV of Specification D 1193.

10. 1 .2 Potassium Bromide, of a grade suitable for infrared
analysis.

10.2 Materials:
10.2.1 Cement—The cement used in any series of tests shall

be either the cement proposed for specific work or a cement
conforming to the requirements of Specification C 150, Type I
or Type n. If, when using a cement other than that proposed for
specific work, the air content of the concrete made without
admixture is more than 3.0 %, select a different cement so that
the air content of the concrete will be 3.0 % or less.

10.2.2 Aggregates—Except when tests are made using the
aggregates proposed for specific work, the fine and coarse
aggregates used in any series of tests shall come from single
lots of well-graded, sound materials that conform to the
requirements of Specification C 33, except that the grading of
the aggregates shall conform to the following requirements:

10.2.3 Fine Aggregate—The fine aggregate grading shall be
as follows:

sieve
4 75-mm (No. 4)
1 18-mm (No. 16)
300-pm (No 50)
150-um (No 100)

Weight Percent
Passing

100
65 to 75
12 to 20
2 to 5

10.2.4 Coarse Aggregate—The coarse aggregate shall meet
the requirements for size number 57 of Specification C 33.
Take care in loading and delivery to avoid segregation.

10.2.4. 1 The coarse aggregate used for each set of reference
concrete and comparable test admixture-treated concrete shall
be essentially the same. Therefore, a set of test concrete
consists of one reference concrete and as many test admixture-
containing concretes as are intended to be compared to that one
reference. Thus, coarse aggregate for one set shall consist of
enough material for one reference concrete, the test admixture-
containing concrete to be compared with that reference and the
sample for grading analysis testing.

10.2.4.2 Prepare coarse aggregate for a set, comprising a
sample large enough for concrete trials, as follows: Fill tared
containers, one each for a sample, a batch of reference concrete
and one or more test concretes to the required mass from the
aggregate stockpile. Accomplish this by starting with a scoop-
ful into the first container and progress with a scoopful into
each succeeding container and repeat this procedure until all
containers have their required mass. Repeat the process for
each of the three or more sets needed. One or more spare sets
may be needed. See Appendix of Practice D 75, Sampling from
Stockpiles, and the Manual of Aggregate and Concrete Testing
for guidance for conditions and procedures.

10.2.4.3 Coarse aggregate samples representing each set
shall be tested by Test Method C 136 requirements for the
sieves shown below. Any set for which the sample does not
comply with size 57 shall be discarded. Test results for samples
which comply with size 57 shall be averaged for each sieve
size. Any set for which the sample deviates from this average

by more than the amount shown in column 3 shall be
discarded. The process of preparation, testing and averaging
shall be continued until sufficient sets of aggregate within
tolerance are obtained.

Sieve
37.5-mm(1 .5iR)
25.0-mm ( 1 .0 in.)
12.5-mm (0.5 in.)
4.75-mm (No 4)
2.36-mm (No. 8)

Specification C 33, No 57
Percent Passing

100
95 to 100
25 to 60
Oto 10
O t o 5

Maximum variation from
average/passing

0.0
1 .0
4.0
4 0
1 .0

NOTE 7—All of the results required for demonstrating compliance
under this specification are dependent on the uniformity of the aggregate
samples prepared and used. Careful, skilled and well-supervised work is
essential.

10.2.5 20-30 Sand—As specified in Specification C 778.
10.2.6 Air-Entraining Admixture—Except when tests are

made using the air-entraining admixture proposed for specific
work, the air-entraining admixture used, if needed in the
concrete mixtures, shall be a material which when used to
entrain the specified amount of air in the reference concrete
mixture will give concrete of satisfactory resistance to freezing
and thawing. The material to be so used will be designated by
the person, or agency, for whom the testing is to be performed.
If no material is designated, neutralized Vinsol resin8 shall be
used.

NOTE 8—If unneutralized Vinsol resin is purchased, neutralization may
be accomplished by treating 100 parts of Vinsol resin with 9 to 15 parts of
NaOH by mass. In an aqueous solution, the ratio of water to the resinate
should not exceed 12 to 1 by mass.

10.2.7 Materials for Tests for Specific Uses—To test a
chemical admixture for use in specific work, the concreting
materials used shall be representative of those proposed for use
in the work. Add the chemical admixture in the same manner
and at the same time during the batching and mixing sequence
as it will be added on the job. Proportion the concrete mixtures
to have the cement content specified for use in the work. If the
maximum size of coarse aggregate is greater than 25.0 mm (1
in.), screen the concrete over a 25.0-mm (1-in.) sieve prior to
fabricating the test specimens.

10 .2 .7. 1 Other Use Conditions—At times, other conditions
affect the overall suitability of the concrete mixture for specific
intended uses. These include the temperature of the materials
or the surroundings, the humidity, the length of time between
mixing and placing, the amount of mixing activity and other
factors. These physical conditions are allowed to be incorpo-
rated into the tests with intention for indicating the potential
interactions. These tests would be only for guidance. After
incorporation of such test conditions it would not be suitable to
expect compliance with this specification requirement.

10.2.8 Preparation and Weighing—Prepare all material and
make all weighings as prescribed in Method C 192.
11. Proportioning of Concrete Mixtures

1 1 . 1 Proportions—Except when tests are being made for
specific uses, all concrete shall be proportioned using ACI
2 1 1 . 19 to conform to the requirements described below.

* Vmsol resin is manufactured by Hercules, Inc., Wilmington, DE
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•.. NOTE 9—The effects of a chemical admixture on the time of setting and
water requirement of concrete may vary with the time of its addition.
Consequently, specifications for particular work should require that the
admixture be added in the same manner and at the same time as it will be
added on the job, or as recommended by the manufacturer, within the
restrictions imposed by the specified mixing sequence.

1 1 . 1 . 1 The cement content shall be 335 ±3 kg/m 3(564 ±
5 lb/yd3).

1 1 . 1 .2 For the first trial mixture, refer to the table on volume
of coarse aggregate per unit volume of concrete in ACI 21 1 . 1
for guidance on the amount of coarse aggregate to use, for the
nominal maximum size of aggregate, and for the fineness
modulus of the fine aggregate being used (Note 10).

NOTE 10—Values in the referenced table in ACI 21 1 . 1 are intended to
ensure workable mixtures with the least favorable combinations of
aggregate likely to be used.

1 1 . 1 .3 For the non-air-entrained mixtures, the air content
used in calculating the proportions shall be 1.5 %, as shown in
Table 5.3.3 of ACI 211 . 1 -81 . For the air-entrained mixtures, the
air content used for this purpose shall be 5.5 %.

11 . 1 .4 Adjust the water content of both the reference con-
crete and the test concrete to obtain an initial slump of 90 ± 15
mm (3V$ ± Vi in.). The workability of the concrete mixtures
shall be suitable for consolidation by hand rodding, and the
concrete mixtures shall have the minimum water content
possible. Achieve these conditions by final adjustments in the
proportion of fine aggregate to total aggregate, or in the amount
of total aggregate, or both, while maintaining the yield and

'•• slump in the required range.
11 .2 Conditions—Prepare batches of the final trial mixture,

one of test concrete and one of reference concrete, which are
identical prior to addition of the plasticizer. Add the admixture
to the test concrete in the manner recommended by the
manufacturer and in the amount necessary to obtain a slump of
215 ± 25 mm (81/! ± 1 in.).

1 1 .2 . 1 Non-Air-Entrained Concrete—When the admixture
is to be tested for use only in non-air-entrained concrete, the air
content of both the test concrete mixture and the reference
-concrete mixture shall be 3.0 % or less, and the difference
between the air contents of the two mixtures shall not exceed
0.5 %. If necessary, the air-entraining admixture shall be added
to the reference concrete mixtures.

11 .2.2 Air-Entrained Concrete—When the admixture is to
be tested for use only in air-entrained concrete requiring
resistance to freezing and thawing, the air-entraining admixture
shall be added to reference and test concrete mixtures to
produce air contents in the range of 5.0 to 7.0 %. When
entrained air is to be used for workability or other purposes, air
contents are adjusted to 3.5 to 7.0 %. In either case, the
difference between the air content of the reference concrete and
that of the test concrete shall not exceed 0.5 %.
12. Mixing

12.1 Machine mix the reference concrete mixture as pre-
scribed in Method C 192.

12.2 Machine mix the test concrete mixture as prescribed in
Practice C 192, except that the admixture shall be added
according to the manufacturer's instructions. In the absence of
such instructions, add the admixture at the start of the 2 min

final mixing period described in Practice C 192.
13. Tests and Properties of Freshly Mixed Concrete

13 . 1 Samples of freshly mixed concrete from at least three
separate batches for each condition of concrete shall be tested
in accordance with the following methods:

13 . 1 . 1 Slump—Test Method C 143.
13 . 1 .2 Air Content—Test Method C231 or Test Method

C173 .
13 . 1 .3 Time of Setting—Test Method C 403, except that the

temperature of each of the ingredients of the concrete mixtures
just prior to mixing and the temperature at which the time of
setting specimens are stored during the test period shall be 23.0
± 2.0°C (73 ± 3°F).

13.1 .4 Water Content and Unit Weight— Determine the net
water content of the batch as the weight of water in the batch
in excess of that present as absorbed water in the aggregates.
Measure the unit weight and compute the yield, cement
content, and water content as prescribed in Test Method C 138.
Determine the water-cement ratio to the nearest 0.01 by
dividing the net weight of water by the weight of cement in the
batch.
14. Test Specimens of Hardened Concrete

14.1 Make specimens for tests of hardened concrete from at
least three separate batches representing each test and age of
test from each condition of concrete being compared. The
minimum number of specimens shall be as prescribed in Table
2. On a given day, make at least one specimen for each test and
age of test from each condition of concrete, except make at
least two specimens for the freezing and thawing test from each
condition of concrete. Complete the preparation of all speci-
mens in three days of mixing.

14.2 Manifestly Faulty Specimens—Visually examine each
group of specimens representing a given test or a given age of
test, including tests of freshly mixed concrete, before or during
the test, or both, whichever is appropriate. Discard without
testing any specimen found to be manifestly faulty by such
examination. Visually examine all specimens representing a
given test at a given age after testing. Should any specimen be
found to be manifestly faulty, the test results thereof shall be
disregarded. Should more than one specimen representing a
given test at a given age be found manifestly faulty either
before or after testing, the entire test shall be disregarded and
repeated. The test result reported shall be the average of the
individual test results of the specimens tested or, in the event

TABLE 2 Types and Minimum Number of Specimens and Tests
Number of
Types of

Specimens
Slump 1
Air content 1
Time of setting 1
Compressiva strength 1
Flexural strength 1
Freezing and thawing 2
Length change 1

Number of
Test Ages

1
1e
5
3
1
1

Number of
Conditions

of
Concrete

2
2
2
2
2
2
2

Number of
Specimens,

min.
A
A
6

30
18
12

6
•"Determined on each batch of concrete mixed.BAs prescribed in the text.
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that one specimen or one result has been discarded, it shall be
the average of the test results of the remaining specimens.

14.3 Number of Specimens—Six or more test specimens for
the freezing and thawing test, and three or more test specimens
for each other type of test and age of test specified in Table 2
shall be made for each condition of concrete to be compared.

14.4 Types of Specimens—Specimens made from concrete
with and without chemical admixture under test shall be
prepared in accordance with the following:

14.4.1 Compressive Strength—Make and cure test speci-
mens in accordance with Practice C 192.

14.4.2 Flexural Strength—Make and cure test specimens in
accordance with Practice C 192.

14.4.3 Resistance to Freezing and Thawing— Test speci-
mens shall consist of prisms made and cured in accordance
with the applicable requirements of Practice C 192. The prisms
shall be not less than 75 mm (3 in.) nor more than 130 mm (5
in.) in width and depth, and not less than 275 mm (11 in.) nor
more than 410 mm (16 in.) in length. Make one set of
specimens from the test concrete mixture and one from the
reference concrete mixture, the air content of each mixture
being as specified.

14.4.4 Length Change—Make and cure test specimens in
accordance with Test Method C 157. The moist-curing period,
including the period in the molds, shall be 14 days.
15. Tests on Hardened Concrete

15. 1 Test the specimens of hardened concrete in accordance
with the following methods:

15 . 1 . 1 Compressive Strength—Test Method C 39. Test
specimens at ages 3 days, 7 days, 28 days, 6 months, and 1
year. Calculate the compressive strength of the concrete
containing the admixture under test as a percentage of the
compressive strength of the reference concrete as follows:

15 . 1 . 1 . 1 Divide the average compressive strength of the
specimens made from the test concrete at a given age of test by
the average compressive strength of the specimens made from
the reference concrete at the same age of test and multiply the
quotient by 100. Requirements are shown in Table 1.

NOTE 11—When tests are conducted with materials representative of
those proposed for use in specific work, and if the results of the tests are
required in a period of time that will not permit curing of specimens to
ages of 6 months and 1 year, the tests at those ages as required in 14.1 . 1
may be waived.

15 . 1 .2 Flexural Strength—Test Method C 78. Test speci-
mens at ages 3, 7, and 28 days. Calculate the flexural strength
of the test concrete as a percentage of the flexural strength of
the reference concrete.

15 . 1 .3 Resistance to Freezing and Thawing— Procedure A
of Test Method C 666. Place specimens under test at the age of
14 days unless durability at some later age is desired for
specific work. Calculate the relative durability factors as shown
in Specification C 260. Only air-entrained concrete designed
for resistance to freezing and thawing shall be tested for
resistance to freezing and thawing.

15 . 1 .4 Length Change—Test specimens shall consist of
molded prisms made and tested in accordance with Test
Method C 157, except that the moist curing period, including
the period in the molds, shall be 14 days. Then store the

specimens in air under conditions specified in Test Method
C 157 for a period of 14 days, at which time determine the
length change of the specimen. Consider the drying shrinkage
to be the length change during the 14 day drying period, based
on an initial measurement at the time of removal of the
specimen from the mold, and express it as percent to the
nearest 0.001 % based on the specimen gage length. Alterna-
tive requirements for length change, based on reference con-
crete length change, are shown in Table 1.

NOTE 12—Since the specific effects produced by chemical admixtures
may vary with the properties of the other ingredients of the concrete,
results of length change tests using aggregates of such a nature that the
length change on drying is low may not accurately indicate relative
performance to be expected from other aggregates having properties that
produce concrete of high length change on drying.
16. Infrared Analysis

16. 1 Scope—This test method is intended to compare quali-
tatively the composition of different samples; results should not
be not interpreted quantitatively. A general procedure for the
infrared analysis of admixtures is given.

NOTE 13—It is important that the same procedures be used on all
samples to be compared with each other and it is preferable that they be
conducted by the same analyst. Major changes in infrared spectra may
result from: ( a) water content differences due to drying variations, ( b)
water picked up by hygroscopic materials, (c) reaction between the
potassium bromide and some other compound present, and (J) differences
in time between formation of the disk and its use. Also, the threshold for
detection of individual components by infrared absorption varies widely,
depending upon the identity and concentration of accompanying sub-
stances. For example, significant amounts of saccharides may be present
in a lignosulfonate admixture without their presence being indicated by
this lest method.

16.2 Procedure:
16.2. 1 Liquid Admixtures—Determine the residue by oven

drying by 17.1 and dilute an aliquot of the liquid admixture
sample with distilled water to yield a dissolved solids concen-
tration of about 0.015 g/mL: for example, a 5-mL aliquot
diluted to 200 mL. Pipet 5 mL of above solution and add it to
a petri dish containing 2.5 g of potassium bromide and 5 mL of
distilled water. Stir and mix to dissolve. Place in a drying oven
and dry for 17 ± lAh at 105 ± 3°C. Cool and transfer the dried
residue to a mortar and grind to a fine powder. Work quickly to
avoid moisture pick-up. Weigh 0.1 g of the powder and 0.4 g
of potassium bromide. Mix in an electric amalgamator for 30 s
using stainless steel capsule and balls. Proceed in accordance
with 16.2.3.

16.2.2 Nonliquid Admixture—Grind 10 g to a fine powder
with mortar and pestle. Transfer the sample to a petri dish,
place in a drying oven and dry for 17 ± Vi h at 105 ± 3°C.
Weigh approximately 0.005 g of the dried powder and 0.995 g
of potassium bromide. Mix in an electric amalgamator for 30 s
using stainless steel capsule and balls. Proceed in accordance
with 16.2.3.

16.2.3 To prepare a disk for infrared analysis, weigh 0.300
g of the mixture prepared in 16.2. 1 or 16.2.2 and transfer into
a suitable die. If an evacuable die is used, apply vacuum for 2
min prior to pressing. Continue vacuum and press at a suitable
force for 3 min, producing a disk about 1-mm thick. Remove
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disk, from the die, insert into the infrared spectrophotom-

;;eter, and obtain infrared absorption spectra.
17. Residue by Oven Drying

17. 1 Liquid Admixtures:
17 . 1 . 1 Place 25 to 30 g of 20-30 sand (Specification C 778)

in a wide-mouth, low-form (about 60 mm inside diameter and
30 mm in height) glass weighing bottle provided with a
ground-glass stopper. Place the weighing bottle and stopper,
with stopper removed, in a drying oven and dry for 17 ± Vih
at 105 ± 3°C (Note 14). The drying oven must be either a
forced circulation type or one with provision for free access of
air. Precise control of temperature and time of drying is
essential so that the degree of volatilization of the material
other than water from sample will not vary. Transfer to a
desiccator, cool to room temperature, insert the stopper in the
weighing bottle, and weigh to the nearest 0.001 g. Remove the
stopper and, using a pipet, evenly distribute 4 mL of the liquid
admixture over the sand. Immediately insert the stopper to
'void loss by evaporation and weigh to the nearest 0.001 g.

-Xemove the stopper and place both the bottle and stopper in a
drying oven. Dry for 17 ± lAh at 105 ± 3°C. At the end of the
drying period, transfer to a desiccator, cool to room tempera-
ture, stopper the weighing bottle, and weigh to the nearest
0.001 g.

NOTE 14—For laboratories conducting this test as a routine operation,
previously dried sand and weighing bottles can be maintained in desic-
cators so that they are immediately available for use when a sample is to
be tested.

17. 1 .2 Calculation:
17 . 1 .2 . 1 Record the following masses:

M! = mass of stoppered bottle with sand and sample,
A/2 = mass of stoppered bottle with sand,
M 3 = M j - MI = mass of sample,
M4 = mass of stoppered bottle with sand and dried resi-

due, and
,. M5 = M4 - M 2 = mass of dried residue.

17.1 .2.2 Calculate the residue by using the following equa-
tion.

Residue by oven drying (percent by mass) = (M5 X 100)/M3 (1)
17. 1 .3 Precision—The maximum multilaboratory coeffi-

cient of variation for residue by oven drying (liquid admix-
tures) has been found to be 1.25 %. Therefore, results of tests
by two different laboratories on identical samples of an
admixture are not expected to differ from each other by more
than 3.5 % of their average (Note 15). The maximum single-
operator coefficient of variation has been found to be 0.6%.
Therefore, results of two properly conducted tests by the same
operator on the same material are not expected to differ by
more than 1 .7%.

NOTE IS—The precision statements are based on the maximum varia-
tion of tests made in 18 laboratories on sets of three duplicate samples of
two different admixtures.

17.2 Nonliquid Admixtures:
17.2. 1 Place about 3 g of the nonliquid admixture into a

dried and tared glass-stoppered weighing bottle. Stopper and

weigh bottle and contents to the nearest 0.001 g. Remove the
stopper and immediately place both bottle and stopper in a
drying oven. Dry for 17 ± 1A h at 105 ± 3°C. At the end of the
drying period, transfer to the desiccator, cool to room tempera-
ture, stopper the weighing bottle, and weigh to the nearest
0.001 g.

17.2.2 Calculation:
17.2.2.1 Record the following masses:

A/! = mass of tared stoppered weighing bottle and sample
before drying,

M 2 — mass of empty, stoppered weighing bottle,
A/3 = (M l - A/2) = mass of sample,
A/4 = mass of tared stoppered weighing bottle and sample

after drying, and
M5 = (M 4 - A/2) = mass of oven-dried residue.

17.2.2.2 Calculate the oven dried residue by using the
following equation:

Residue by oven drying (mass percent) = (M5 X lOOXAf 3 (2)
17.2.3 Precision — The maximum multilaboratory coeffi-

cient of variation for residue by oven drying (nonliquid
admixtures) has been found to be 1.40 %. Therefore, results of
tests by two different laboratories on identical samples of an
admixture are not expected to differ from each other by more
than 4.0 % of their average. The maximum single-operator
coefficient of variation for residue by oven drying (nonliquid
admixture) has been found to be 0.48 %. Therefore, results of
two properly conducted tests by the same operator on the same
material are not expected to differ by more than 1 .4 % of their
average (Note 15).
18. Specific Gravity (Liquid Admixtures)

18. 1 Determine the specific gravity at 25 ± 1°C of a liquid
admixture using hydrometers complying with Specification
E 100. Hydrometers Nos. 112H through 117H will cover the
range for most determinations. A250-mL graduated cylinder,
and a water bath capable of maintaining 25 ± 1°C will also be
required.

18.2 Place a sample in the 250-mL graduated cylinder and
put in the hydrometer in such a manner that it floats free and
does not touch the side of the cylinder. Place the cylinder with
sample and hydrometer in the constant-temperature bath until
the temperature of the cylinder, hydrometer, and sample is
uniform at 25 ± 1°C. If all are at the proper temperature prior
to insertion of the hydrometer, approximately 10 min shall be
allowed for equilibrium. If the sample shows evidence of
foaming, hydrometer reading shall be continued until constant
readings are obtained. Read the hydrometer at the base of the
meniscus to the nearest 0.005.

NOTE 16 — If foaming is encountered during transfer of the admixture to
the cylinder, sufficient time should be allowed for the foam to dissipate or
rise to the surface, or both, so that it will be removed before inserting the
hydrometer. Crusting of the admixture on the hydrometer stem due to
evaporation during temperature adjustment should be avoided.

18.3 Precision — The maximum multilaboratory coefficient
of variation for specific gravity (liquid admixtures) has been
found to be 0.3 16 %. Therefore, results of tests by two different
laboratories on identical samples of an admixture are not



C1017/C1017M
expected to differ from each other by more than 0.9 % of their
average (Note 15). The maximum single-operator coefficient of
variation has been found to be 0.09 %. Therefore, results of
two properly conducted tests by the same operator on the same
material are not expected to differ by more than 0.275 %.
19. Rejection

19.1 For initial compliance testing, the purchaser is allowed
to reject the admixture if it fails to meet any of the applicable
requirements of this specification.

19.2 For limited retesting, the purchaser is allowed to reject
the admixture if it fails to meet any of the requirements of the
Uniformity and Equivalence Section and of the applicable parts
of Table 1.

19.3 An admixture stored at the point of manufacture for
more than 6 months prior to shipment, or an admixture in local
storage in the hands of a vendor for more than 6 months after
completion of tests, shall be retested if requested by the
purchaser and is allowed to be rejected if it fails to conform to
any of the applicable requirements of this specification.

19.4 Packages or containers varying more than 5 % from the
specified weight or volume are allowed to be rejected. If the
average weight or volume of 50 packages taken at random is
less than that specified, the entire shipment is allowed to be
rejected.

19.5 The admixture shall be rejected when the purchaser
desires if the test concrete containing it has an air content
greater than 3.0 % in non-air-entraining concrete; when the
admixture is to be used in air-entrained concrete, it shall be
rejected when the purchaser desires if the test concrete con-
taining it has an air content greater than 7.0 %. Except when
testing in accordance with 10.2.4, other concrete materials are
allowed to be chosen for reference and test concretes in order
to conform to these requirements.
20. Certification and Report

20.1 When specified in the purchase order or contract, the
manufacturer's or supplier's certification shall be furnished to
the purchaser stating that samples representing each lot have
been manufactured, tested, and inspected in accordance with

this specification and the requirements have been met. When
specified in the purchase order or contract, a report of the test
results shall be furnished.

20.2 Report the following:
20.2.1 Results of the specified tests and the relevant speci-

fication requirements with which they are compared,
20.2.2 Brand name, manufacturer's name, and lot number,

character of the material, and quantity represented by the
sample of the admixture under test,

20.2.3 Brand name, manufacturer's name, and other perti-
nent data on the material used as the air-entraining admixture,

20.2.4 Brand name, manufacturer's name, type, and test
data on the portland cement or cements used,

20.2.5 Description of, and test data on, the fine and coarse
aggregates used,

20.2.6 Detailed data on the concrete mixtures used, includ-
ing amounts and proportions of admixtures used, actual cement
contents, water-cement ratios, densities (unit weights), ratios of
fine to total aggregate, slumps, and air contents, and

20.2.7 In the event that, in accordance with the provisions of
Note 11, some of the tests have been waived, the circumstances
under which such action was taken shall be stated.
21. Packaging and Package Marking

21.1 When the admixture is delivered in packages or con-
tainers, the proprietary name of the admixture, the type under
this specification, and the net weight or volume shall be plainly
marked thereon. Similar information shall be provided in the
shipping documents accompanying packages or bulk ship-
ments of admixtures.
22. Storage

22.1 The admixture shall be stored in such a manner as to
permit easy access for proper inspection and identification of
each shipment and adequate protection for the admixture.
23. Keywords

23.1 admixture; concrete; flowing concrete; plasticizing ad-
mixtures; plasticizing and retarding admixtures; water-
reducing admixtures; water-reducing and retarding admixtures
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Designation: D 2488 - 00

Standard Practice forDescription and Identification of Soils (Visual-ManualProcedure)1
This standard is issued under the fixed designation D 2488; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (t) indicates an editorial change since the last revision or reapproval.
This standard hoi been approved for use by agencies of the Department of Defense.

1. Scope *
1.1 This practice covers procedures for the description of

soils for engineering purposes.
1.2 This practice also describes a procedure for identifying

soils, at the option of the user, based on the classification
system described in Test Method D 2487. The identification is
based on visual examination and manual tests. It must be
clearly stated in reporting an identification that it is based on
visual-manual procedures.

1 .2. 1 When precise classification of soils for engineering
purposes is required, the procedures prescribed in Test Method
D 2487 shall be used.

1 .2.2 In this practice, the identification portion assigning a
group symbol and name is limited to soil particles smaller than
3 in. (75 mm).

1 .2.3 The identification portion of this practice is limited to
naturally occurring soils (disturbed and undisturbed).

NOTE 1—This practice may be used as a descriptive system applied to
such materials as shale, clayslone, shells, crushed rock, etc. (see Appendix
X2).

1.3 The descriptive information in this practice may be used
with other soil classification systems or for materials other than
naturally occurring soils.

1.4 The values stated in inch-pound units are to be regarded
as the standard.

1.5 This standard does not purport to address all of the
safety problems, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use. For specific
precautionary statements see Section 8.

1.6 This practice offers a set of instructions for performing
one or more specific operations. This document cannot replace
education or experience and should be used in conjunction
with professional judgment. Not all aspects of this practice may
be applicable in all circumstances. This ASTM standard is not

1 This practice is under the jurisdiction of ASTM Committee D-18 on Soil and
Rock and is the direct responsibility of Subcommittee Dl 8.07 on Identification and
Classification of Soils.

Current edition approved Feb. 10, 2000. Published May 2000. Originally
published as D 2488 - 66 T. Last previous edition D 2488 - 93 1'.

intended to represent or replace the standard of care by which
the adequacy of a given professional service must be judged,
nor should this document be applied without consideration of
a project's many unique aspects. The word "Standard" in the
title of this document means only that the document has been
approved through the ASTM consensus process.
2. Referenced Documents

2.1 ASTM Standards:
D 653 Terminology Relating to Soil, Rock, and Contained
Fluids2

D 1452 Practice for Soil Investigation and Sampling by
Auger Borings2

D 1586 Test Method for Penetration Test and Split-Barrel
Sampling of Soils2

D 1587 Practice for Thin-Walled Tube Sampling of Soils2
D 21 13 Practice for Diamond Core Drilling for Site Inves-
tigation2

D 2487 Classification of Soils for Engineering Purposes
(Unified Soil Classification System)2

D 3740 Practice for Minimum Requirements for Agencies
Engaged in the Testing and/or Inspection of Soil and rock
as Used in Engineering Design and Construction3

D 4083 Practice for Description of Frozen Soils (Visual-
Manual Procedure)2

3. Terminology
3.1 Definitions—Except as listed below, all definitions are

in accordance with Terminology D 653.
NOTE 2—For particles retained on a 3-in. (75-mm) US standard sieve,

the following definitions are suggested:
Cobbles—particles of rock that will pass a 12-in. (300-mm) square
opening and be retained on a 3-in. (75-mm) sieve, and
Boulders—panicles of rock that will not pass a 12-in. (300-mm) square
opening.

3 . 1 . 1 clay—soil passing a No. 200 (75-|om) sieve that can be
made to exhibit plasticity (putty-like properties) within a range
of water contents, and that exhibits considerable strength when
air-dry. For classification, a clay is a fine-grained soil, or the

* Annual Book of ASTM Standards, Vol 04.08.3 Annual Book of ASTM Standards, Vol 04.09.

•A Summary of Changes section appears at the end of this standard.
Copyright OASTM International. 100 Barr Harbor Dove. PO Box C700. West Conshohocken, PA 19428-2959, United States.
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fine-grained portion of a soil, with a plasticity index equal to or
greater than 4, and the plot of plasticity index versus liquid
limit falls on or above the "A" line (see Fig. 3 of Test Method
D 2487).

3.1 .2 gravel—particles of rock that will pass a 3-in. (75-
mm) sieve and be retained on a No. 4 (4.75-mm) sieve with the
following subdivisions:
coarse—passes a 3-in. (75-rnm) sieve and is retained on a3/4-in. (19-mm) sieve.
fine—passes a 3/i-in. (19-mm) sieve and is retained on a No.

4 (4.75-mm) sieve.
3. 1 .3 organic clay—a clay with sufficient organic content to

influence the soil properties. For classification, an organic clay
is a soil that would be classified as a clay, except that its liquid
limit value after oven drying is less than 75 % of its liquid limit
value before oven drying.

3 . 1 .4 organic silt—a silt with sufficient organic content to
influence the soil properties. For classification, an organic silt
is a soil that would be classified as a silt except that its liquid
limit value after oven drying is less than 75 % of its liquid limit
value before oven drying.

3. 1 .5 peat—a soil composed primarily of vegetable tissue in
various stages of decomposition usually with an organic odor,
a dark brown to black color, a spongy consistency, and a
texture ranging from fibrous to amorphous.

3 . 1 .6 sand—particles of rock that will pass a No. 4 (4.75-
mm) sieve and be retained on a No. 200 (75-um) sieve with the
following subdivisions:
coarse—passes a No. 4 (4.75-mm) sieve and is retained on

a No. 10 (2.00-mm) sieve.
medium—passes a No. 10 (2.00-mm) sieve and is retained

on a No. 40 (425-um) sieve.
fine—passes a No. 40 (425-um) sieve and is retained on a

No. 200 (75-um) sieve.
3 . 1 .7 silt—soil passing a No. 200 (75-um) sieve that is

nonplastic or very slightly plastic and that exhibits little or no
strength when air dry. For classification, a silt is a fine-grained
soil, or the fine-grained portion of a soil, with a plasticity index
less than 4, or the plot of plasticity index versus liquid limit
falls below the "A" line (see Fig. 3 of Test Method D 2487).
4. Summary of Practice

4.1 Using visual examination and simple manual tests, this
practice gives standardized criteria and procedures for describ-
ing and identifying soils.

4.2 The soil can be given an identification by assigning a
group symbol(s) and name. The flow charts, Fig. la and Fig. Ib
for fine-grained soils, and Fig. 2, for coarse-grained soils, can
be used to assign the appropriate group symbol(s) and name. If
the soil has properties which do not distinctly place it into a
specific group, borderline symbols may be used, see Appendix
X3.

NOTE 3—It is suggested that a distinction be made between dual
symbols and borderline symbols.

Dual Symbol—A dual symbol is two symbols separated by a hyphen,
for example, GP-GM, SW-SC, CL-ML used to indicate that the soil has
been identified as having the properties of a classification in accordance
with Test Method D 2487 where two symbols are required. Two symbols
are required when the soil has between 5 and 12 % fines or when the liquid
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limit and plasticity index values plot in the CL-ML area of the plasticity
chart.
Borderline Symbol—A borderline symbol is two symbols separated by a
slash, for example, CL/CH, OM/SM, CL/ML. A borderline symbol should
be used to indicate that the soil has been identified as having properties
that do not distinctly place the soil into a specific group (see Appendix
X3).
5. Significance and Use

5.1 The descriptive information required in this practice can
be used to describe a soil to aid in the evaluation of its
significant properties for engineering use.

5.2 The descriptive information required in this practice
should be used to supplement the classification of a soil as
determined by Test Method D 2487.

5.3 This practice may be used in identifying soils using the
classification group symbols and names as prescribed in Test
Method D 2487. Since the names and symbols used in this
practice to identify the soils are the same as those used in Test
Method D 2487, it shall be clearly stated in reports and all
other appropriate documents, that the classification symbol and
name are based on visual-manual procedures.

5.4 This practice is to be used not only for identification of
soils in the field, but also in the office, laboratory, or wherever
soil samples are inspected and described.

5.5 This practice has particular value in grouping similar
soil samples so that only a minimum number of laboratory tests
need be run for positive soil classification.

NOTE 4—The ability to describe and identify soils correctly is learned
more readily under the guidance of experienced personnel, but it may also
be acquired systematically by comparing numerical laboratory test results
for typical soils of each type with their visual and manual characteristics.

5.6 When describing and identifying soil samples from a
given boring, test pit, or group of borings or pits, it is not
necessary to follow all of the procedures in this practice for
every sample. Soils which appear to be similar can be grouped
together; one sample completely described and identified with
the others referred to as similar based on performing only a few
of the descriptive and identification procedures described in
this practice.

5.7 This practice may be used in combination with Practice
D 4083 when working with frozen soils.

NOTE 5—Notwithstanding the statements on precision and bias con-
tained in this standard: The precision of this test method is dependent on
the competence of the personnel performing it and the suitability of the
equipment and facilities used. Agencies lhat meet the criteria of Practice
D3740 are generally considered capable of competent and objective
testing. Users of this test method are cautioned that compliance with
Practice D 3740 does not in itself assure reliable testing. Reliable testing
depends on several factors; Practice D3740 provides a means for
evaluating some of those factors.
6. Apparatus

6.1 Required Apparatus:
6 . 1 . 1 Pocket Knife or Small Spatula.
6.2 Useful Auxiliary Apparatus'.
6.2.1 Small Test Tube and Stopper (or jar with a lid).
6.2.2 Small Hand Lens.

7. Reagents
7.1 Purity of Water—Unless otherwise indicated, references
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GROUP NAME

CL

ML

CH

•̂ auik tmn no. zwu -^=c

£30% plus No. 200-<:

<30\ plus No. 200 — =;

>30*c4uiNo. 200-<C

>30% plus No. 200<C

>30% plus No. 200<;

^^ *• ̂ ia* pkii no. zoo ———

^-Xund <\ gravel -^— . ̂_

^_^m» <15% phll No. 200 ————
~~*" 15-25* plui No. 200--=:

__^^aj-Xund £% of gravel — ==r
~~~**- X und <% gravel -«^ _̂_

——— »- <15X phis No. 200 ————
"""" — *• 15-25% phii No. 200—==
^f_f_^.^ X und ̂ X of gravel ^ —

——— »- <15% plui No. 200 ————
~""~—*- 15-25% phis No. 200 -<=;
__ _ ^ X und £% of graval -*==;
~~~~~-*-%und <Xfraval—— ==;

^̂ ~-̂  X und <X gravel —
——— »* <15X gravel ————

——— »- % und ̂% gravel —
~~~~~-»- X sand <X gravel —
——— »• <1SX gravel ———
~~~^** ^15X gravel ————

——— *• <15% gravel ————
—— —— Bh ̂ IKV nrBUAl

— *•% und <% gravel —
——— »•• <15X gravel ————
' """"*• ̂ 15X gravel ————
——— »-<15X und —————
~~ — •»>is«und ... .

—— •»
—— «•

—— •»
—— 1»

—— »»

—— •»
—— •»

— •».

MH

NOTE 1—Percentages are based on estimating amounts of fines, sand, and gravel to the nearest 5 %.
FIQ. 1a Flow Chart for Identifying Inorganic Fine-Grained Soil (50 % or more fines)

GROUP SYMBOL

Lean clay
Lean cl*y with und
Lean clay with gravel

*• Sandy ken clay
Sandy lean clay with gravel
Gravelly Uan day
GraveMy Uan day with und

Silt with und
SiH with graval

*• Sandy tilt
*• Sandy tih with gravel
*• Gravity tilt
*• GraveMy tilt with und
*>Fat clay

Fit clay with und
*• Fat clay with gravel
*• Sandy lat day
*• Sandy fat day with graval
*• GraveMy fat clay

Gravally fat day with und
*»EI*stk»it

Elastic tilt with und
Elastic tih with graval

*• Sandy elastic tilt
*• Sandy elastic tilt with gravel

Gravelly elastic tilt
Gravelly elastic tilt with und

GROUP NAME

OL/OH
<30% pkll No. 200

£30X plui No. 200

NOTE 1—Percentages are based on estimating amounts of fines, sand, and gravel to the nearest 5 %

FIQ. 1 b Flow Chart for Identifying Organic Flne-Orained Soil (50 % or more fines)

^•^_^^» <. 10* pkll NO. ̂UU ————
-•* 16 26* plui No. 200 —==

^^_^__-^- X sand ̂X gratal ^-^ _̂̂

"•*• X und <X JftT.I ̂ _^_

——— •- X sand >X gravel ——
"" — •- % und <% gravel —
——— t- <15X gravel ————
——— •* <15X und —————
" ————— •» **»1CV ..MJ| __— —

—— •* urganw toil
—— •- Organic toil with und
—— •>• Organk toll with graval

to water shall be understood to mean water from a city water
supply or natural source, including non-potable water,

7.2 Hydrochloric Acid—A small bottle of dilute hydrochlo-
ric acid, HC1, one part HC1 (10 N) to three parts water (This
reagent is optional for use with this practice). See Section 8.
8. Safety Precautions

8.1 When preparing the dilute HC1 solution of one part
concentrated hydrochloric acid (10 TV) to three parts of distilled
water, slowly add acid into water following necessary safety
precautions. Handle with caution and store safely. If solution
comes into contact with the skin, rinse thoroughly with water.

8.2 Caution—Do not add water to acid.
9. Sampling

9.1 The sample shall be considered to be representative of
the stratum from which it was obtained by an appropriate,
accepted, or standard procedure.

NOTE 6—Preferably, the sampling procedure should be identified as
having been conducted in accordance with Practices D 1452, D 1587, or
D 2113, or Test Method D 1586.

9.2 The sample shall be carefully identified as to origin.
NOTE 7—Remarks as to the origin may lake the form of a boring

number and sample number in conjunction with a job number, a geologic
stratum, a pedologic horizon or a location description with respect to a
permanent monument, a grid system or a station number and offset with
respect to a stated centerline and a depth or elevatioa

9.3 For accurate description and identification, the mini-
mum amount of the specimen to be examined shall be in
accordance with the following schedule:
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GROUP SYMBOL GROUP NAME

SAND
%und>
% gravel

<$% tinet-

1011 finer

2.15% firm -

Welt-greded-

Poorly graded-

•-( inei-MLorMH-
f i n e i -CLorCM-
(inei-MLorMH-
finei-CL or CH -

finai-MLorMH-
finei-Clor CM —

- l.n.i-ML or MH
-f i n e t -CLorCH
-linei-MLorMH
-firxi-CL or CH

p-t inet-MLorMH
-fine i-CLorCH

-GP
-GW-GM
-GW-GC
-GP-GM
-GP-GC
-GM
-GC
>SW
>SP
SW-SM <15X gran

£15X greve
<15X grave
^ISXgreve
<1S% grave
;>1S% ran
<15% grivel -
^ISXgrivel-
< 15%grevtl-
^ISXgwel-
<1SX gravel -
^15% gravel-

Well-graded gravel
Well-graded gravel with und
Poorly graded gravel
Poorly graded gravel with tand
Well-greded gravel with tilt
Well-graded gravel with tilt and und
Well-graded gravel with clay
Well-graded gravel with clay and land
Poorly graded gravel with till
Poorly graded gravel with tilt and und
Poorly graded gravel with clay
Poorly graded granl with clay and und
Silty graval
Silly gravel with und
Clayey gravel
Clayey gravel with land

• Well-graded und
» Well-graded und with gravel
»> Poorly graded und
• Poorly graded und with gravel
. Well-graded und wrth tilt
• Well-graded und wrth tilt and grant
•- Well-graded und with clay
» Wall-graded und with clay and grevel
• Poorly graded tand with tilt
» Poorly graded und with tilt and granl
• Poorly graded und wrth clay
• Poorly graded und with clay and gravel
• Silty und
• Silty und with gravel
•• Clayey und
• Clayey und with gravel

NOTE 1—Percentages are based on estimating amounts of fines, sand, and gravel to the nearest 5 '
FIQ. 2 Flow Chart for Identifying Coarse-Grained Soils (less than 50 % fines)

Maximum Particle Size,
Sieve Opening
4.75 mm (No. 4)
9.5 mm (%in.)
190mm(V4in )
38.1 mm (1 Vain . )
75.0 mm (3 in)

Minimum Specimen Size,
Dry Weight
100 g (0.25 Ib)
800 g (0.5 Ib)
1 .0kg (2 .2 l b )
8 0 k g ( 1 6 l b )
60.0kg (132 Ib)

TABLE 1 Criteria for Describing Angularity of Coarse-Grained
Particles (see Fig. 3)

NOTE 8—If random isolated particles are encountered that are signifi-
cantly larger than Ihe particles in the soil matrix, the soil matrix can be
accurately described and identified in accordance with Ihe proceeding
schedule.

9.4 If the field sample or specimen being examined is
smaller than the minimum recommended amount, the report
shall include an appropriate remark.
10. Descriptive Information for Soils

10. 1 Angularity—Describe the angularity of the sand
(coarse sizes only), gravel, cobbles, and boulders, as angular,
subangular, subrounded, or rounded in accordance with the
criteria in Table 1 and Fig. 3. A range of angularity may be
stated, such as: subrounded to rounded.

10.2 Shape—Describe the shape of the gravel, cobbles, and
boulders as flat, elongated, or flat and elongated if they meet
the criteria in Table 2 and Fig. 4. Otherwise, do not mention the
shape. Indicate the fraction of the particles that have the shape,
such as: one-third of the gravel particles are flat.

10.3 Color—Describe the color. Color is an important
property in identifying organic soils, and within a given
locality it may also be useful in identifying materials of similar
geologic origin. If the sample contains layers or patches of

Description Criteria
Angular Particles have sharp edges and relatively plane sides with

unpolished surfaces
Subangular Partides are similar to angular description but have

rounded edges
Subrounded Particles have nearly plane sides but have well-rounded

corners and edges
Rounded Particles have smoothly curved sides and no edges

varying colors, this shall be noted and all representative colors
shall be described. The color shall be described for moist
samples. If the color represents a dry condition, this shall be
stated in the report.

10.4 Odor—Describe the odor if organic or unusual. Soils
containing a significant amount of organic material usually
have a distinctive odor of decaying vegetation. This is espe-
cially apparent in fresh samples, but if the samples are dried,
the odor may often be revived by heating a moistened sample.
If the odor is unusual (petroleum product, chemical, and the
like), it shall be described.

10.5 Moisture Condition—Describe the moisture condition
as dry, moist, or wet, in accordance with the criteria in Table 3.

10.6 HCl Reaction—Describe the reaction with HC1 as
none, weak, or strong, in accordance with the critera in Table
4. Since calcium carbonate is a common cementing agent, a
report of its presence on the basis of the reaction with dilute
hydrochloric acid is important.

10.7 Consistency—For intact fine-grained soil, describe the
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FIO. 3 Typical Angularity of Bulky Grains

TABLE 2 Criteria for Describing Particle Shape (see Fig. 4)
The particle shape shall be described as follows where length, width, and
thickness refer to the greatest, intermediate, and least dimensions of a particle,
respectively.
Flat Particles with width/thickness > 3
Elongated Particles with length/width > 3
Flat and elongated Particles meet criteria lor both flat and elongated

PARTICLE SHAPE
W-WIDTH
T = THICKNESS
L = LENGTH

consistency as very soft, soft, firm, hard, or very hard, in
accordance with the criteria in Table 5. This observation is
inappropriate for soils with significant amounts of gravel.

10.8 Cementation—Describe the cementation of intact
coarse-grained soils as weak, moderate, or strong, in accor-
dance with the criteria in Table 6.

10.9 Structure—Describe the structure of intact soils in
accordance with the criteria in Table 7.

10.10 Range of Particle Sizes—For gravel and sand com-
ponents, describe the range of particle sizes within each
component as denned in 3. 1 .2 and 3.1 .6. For example, about
20 % fine to coarse gravel, about 40 % fine to coarse sand.

10.11 Maximum Particle Size—Describe the maximum par-
ticle size found in the sample in accordance with the following
information:

10 . 1 1 . 1 Sand Size—If the maximum particle size is a sand
size, describe as fine, medium, or coarse as denned in 3. 1 .6 .
For example: maximum particle size, medium sand.

10. 1 1 .2 Gravel Size—If the maximum particle size is a
gravel size, describe the maximum particle size as the smallest
sieve opening that the particle will pass. For example, maxi-
mum particle size, \1A in. (will pass a IVi-in. square opening
but not a Vi-in. square opening).

10 . 1 1 .3 Cobble or Boulder Size—If the maximum particle
size is a cobble or boulder size, describe the maximum
dimension of the largest particle. For example: maximum
dimension, 18 in. (450 mm).

FLAT: W / T > 3
ELONGATED: L/W >3
FLAT AND ELONGATED:-meets both criteria

FIO. 4 Criteria for Particle Shape
10.12 Hardness—Describe the hardness of coarse sand and

larger particles as hard, or state what happens when the



____TABLE 3 Criteria for Describing Moisture Condition
Description Criteria

Dry Absence ol moisture, dusty, dry to the touch
Moist Damp but no visible water
Wel___ Visible free water, usually soil is below water table

TABLE 4 Criteria for Describing the Reaction With HCI
Description Criteria
None No visible reaction
Weak Some reaction, with bubbles forming slowly
Strong Violent reaction, with bubbles forming immediately

TABLE 5 Criteria for Describing Consistency
Description Criteria

Very soft Thumb will penetrate soil more than 1 ia (25 mm)
Soft Thumb will penetrate soil about 1 in. (25 mm)
Firm Thumb will indent soil about Viin. (6 mm)
Hard Thumb will not indent soil but readily indented with thumbnail
Very hard Thumbnail will not indent soil

TABLE 6 Criteria for Describing Cementation
Description Criteria
Weak Crumbles or breaks with handling or little finger pressure
Moderate Crumbles or breaks with considerable finger pressure
Strong Will not crumble or break with finger pressure

TABLE 7 Criteria for Describing Structure
Description Criteria

Stratified Alternating layers of varying material or color with layers at
least 6 mm thick, note thickness

Laminated Alternating layers of varying material or color with the
layers less than 6 mm thick; note thickness

Fissured Breaks along definite planes of fracture with little
resistance to fracturing

Slickensided Fracture planes appear polished or glossy, sometimes
striated

Blocky Cohesive soil that can be broken down into small angular
lumps which resist further breakdown

Lensed Inclusion of small pockets of different soils, such as small
lenses of sand scattered through a mass of day; note
thickness

Homogeneous Same color and appearance throughout _________

particles are hit by a hammer, for example, gravel-size particles
fracture with considerable hammer blow, some gravel-size
particles crumble with hammer blow. "Hard" means particles
do not crack, fracture, or crumble under a hammer blow.

10 . 13 Additional comments shall be noted, such as the
presence of roots or root holes, difficulty in drilling or augering
hole, caving of trench or hole, or the presence of mica.

10. 14 A local or commercial name or a geologic interpre-
tation of the soil, or both, may be added if identified as such.

10 . 15 A classification or identification of the soil in accor-
dance with other classification systems may be added if
identified as such.
11. Identification of Peat

1 1 . 1 A sample composed primarily of vegetable tissue in
various stages of decomposition that has a fibrous to amor-

D2488
phous texture, usually a dark brown to black color, and an
organic odor, shall be designated as a highly organic soil and
shall be identified as peat, PT, and not subjected to the
identification procedures described hereafter.
12. Preparation for Identification

12. 1 The soil identification portion of this practice is based
• on the portion of the soil sample that will pass a 3-in. (75-mm)
- sieve. The larger than 3-in. (75-mm) particles must be re-
moved, manually, for a loose sample, or mentally, for an intact
sample before classifying the soil.

12.2 Estimate and note the percentage of cobbles and the
percentage of boulders. Performed visually, these estimates
will be on the basis of volume percentage.

NOTE 9—Since the percentages of the particle-size distribution in Test
Method D 2487 are by dry weight, and the estimates of percentages for
gravel, sand, and fines in this practice are by dry weight, it is recom-
mended that the report state that the percentages of cobbles and boulders
are by volume.

12.3 Of the fraction of the soil smaller than 3 in. (75 mm),
estimate and note the percentage, by dry weight, of the gravel,
sand, and fines (see Appendix X4 for suggested procedures).

NOTE 10—Since the particle-size components appear visually on the
basis of volume, considerable experience is required to estimate the
percentages on the basis of dry weight Frequent comparisons with
laboratory particle-size analyses should be made.

12 .3 . 1 The percentages shall be estimated to the closest 5 %.
The percentages of gravel, sand, and fines must add up to
100%.

12 .3 .2 If one of the components is present but not in
sufficient quantity to be considered 5 % of the smaller than
3-in. (75-mm) portion, indicate its presence by the term trace,
for example, trace of fines. A trace is not to be considered in the
total of 100 % for the components.
13. Preliminary Identification

13 . 1 The soil is fine grained if it contains 50 % or more
fines. Follow the procedures for identifying fine-grained soils
of Section 14.

13 .2 The soil is coarse grained if it contains less than 50 %
fines. Follow the procedures for identifying coarse-grained
soils of Section 15.
14. Procedure for Identifying Fine-Grained Soils

14.1 Select a representative sample of the material for
examination. Remove particles larger than the No. 40 sieve
(medium sand and larger) until a specimen equivalent to about
a handful of material is available. Use this specimen for
performing the dry strength, dilatancy, and toughness tests.

14.2 Dry Strength:
14.2. 1 From the specimen, select enough material to mold

into a ball about 1 in. (25 mm) in diameter. Mold the material
until it has the consistency of putty, adding water if necessary.

14.2.2 From the molded material, make at least three test
specimens. A test specimen shall be a ball of material about Vi
in. (12 mm) in diameter. Allow the test specimens to dry in air,
or sun, or by artificial means, as long as the temperature does
not exceed 60° C.



14.2.3 If the test specimen contains natural dry lumps, those
that are about V^ in. (12 mm) in diameter may be used in place
of the molded balls.

NOTE 11—The process of molding and drying usually produces higher
strengths than are found in natural dry lumps of soil.

14.2.4 Test the strength of the dry balls or lumps by
crushing between the fingers. Note the strength as none, low,
medium, high, or very high in accorance with the criteria in
Table 8. If natural dry lumps are used, do not use the results of
any of the lumps that are found to contain particles of coarse
sand.

14.2.5 The presence of high-strength water-soluble cement-
ing materials, such as calcium carbonate, may cause excep-
tionally high dry strengths. The presence of calcium carbonate
can usually be detected from the intensity of the reaction with
dilute hydrochloric acid (see 10.6).

14.3 Dilatancy:
14.3.1 From me specimen, select enough material to mold

into a ball about Vi in. (12 mm) in diameter. Mold the material,
adding water if necessary, until it has a soft, but not sticky,
consistency.

14.3.2 Smooth the soil ball in the palm of one hand with the
blade of a knife or small spatula. Shake horizontally, striking
the side of the hand vigorously against the other hand several
times. Note the reaction of water appearing on the surface of
the soil. Squeeze the sample by closing the hand or pinching
the soil between the fingers, and note the reaction as none,
slow, or rapid in accordance with the criteria in Table 9. The
reaction is the speed with which water appears while shaking,
and disappears while squeezing.

14.4 Toughness:
14.4.1 Following the completion of the dilatancy test, the

test specimen is shaped into an elongated pat and rolled by
hand on a smooth surface or between the palms into a thread
about Vi in. (3 mm) in diameter. (If the sample is too wet to roll
easily, it should be spread into a thin layer and allowed to lose
some water by evaporation.) Fold the sample threads and reroll

. repeatedly until the thread crumbles at a diameter of about Vfe
in. The thread will crumble at a diameter of Vs in. when the soil
is near the plastic limit. Note the pressure required to roll the
thread near the plastic limit. Also, note the strength of the
thread. After the thread crumbles, the pieces should be lumped
together and kneaded until the lump crumbles. Note the
toughness of the material during kneading.

14.4.2 Describe the toughness of the thread and lump as

TABLE 8 Criteria for Describing Dry Strength
Description Criteria
None The dry specimen crumbles into powder with mere pressure

of handling
Low The dry specimen crumbles into powder with some finger

pressure
Medium The dry specimen breaks into pieces or crumbles with

considerable finger pressure
High The dry specimen cannot be broken with finger pressure

Specimen will break into pieces between thumb and a hard
surface

Very high The dry specimen cannot be broken between the thumb and a
hard surface
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Description
TABLE 9 Criteria for Describing Dilatancy

Criteria
None No visible change in the specimen
Slow Water appears slowly on the surface of the specimen during

shaking and does not disappear or disappears slowly upon
squeezing

Rapid Water appears quickly on the surface of the specimen during
shaking and disappears quickly upon squeezing

low, medium, or high in accordance with the criteria in Table
10.

14.5 Plasticity—On the basis of observations made during
the toughness test, describe the plasticity of the material in
accordance with the criteria given in Table 11.

14.6 Decide whether the soil is an inorganic or an organic
fine-grained soil (see 14.8). If inorganic, follow the steps given
in 14.7.

14.7 Identification of Inorganic Fine-Grained Soils:
14.7. 1 Identify the soil as a lean clay, CL, if the soil has

medium to high dry strength, no or slow dilatancy, and medium
toughness and plasticity (see Table 12).

14.7.2 Identify the soil as &fat clay, CH, if the soil has high
to very high dry strength, no dilatancy, and high toughness and
plasticity (see Table 12).

14.7.3 Identify the soil as a silt, ML, if the soil has no to low
dry strength, slow to rapid dilatancy, and low toughness and
plasticity, or is nonplastic (see Table 12).

14.7.4 Identify the soil as an elastic silt, MH, if the soil has
low to medium dry strength, no to slow dilatancy, and low to
medium toughness and plasticity (see Table 12).

NOTE 12—These properties are similar to those for a lean clay.
However, the silt will dry quickly on the hand and have a smooth, silky
feel when dry. Some soils that would classify as MH in accordance with
the criteria in Test Method D 2487 are visually difficult to distinguish from
lean clays, CL. It may be necessary to perform laboratory testing for
proper identification.

14.8 Identification of Organic Fine-Grained Soils:
14.8. 1 Identify the soil as an organic soil, OL/OH, if the soil

contains enough organic particles to influence the soil proper-
ties. Organic soils usually have a dark brown to black color and
may have an organic odor. Often, organic soils will change
color, for example, black to brown, when exposed to the air.
Some organic soils will lighten in color significantly when air
dried. Organic soils normally will not have a high toughness or
plasticity. The thread for the toughness test will be spongy.

NOTE 13—In some cases, through practice and experience, it may be
possible to further identify the organic soils as organic silts or organic
clays, OL or OH. Correlations between the dilatancy, dry strength,
toughness tests, and laboratory tests can be made to identify organic soils
in certain deposits of similar materials of known geologic origin.

TABLE 10 Criteria for Describing Toughness
Description Criteria

Low Only slight pressure is required to roll the thread near the
plastic limit. The thread and the lump are weak and soft

Medium Medium pressure is required to roll the thread to near the
plastic limit. The thread and the lump have medium stiffness

High Considerable pressure is required to roll the thread to near the
plastic limit. The thread and the lump have very high
stiffness



______TABLE 11 Criteria for Describing Plasticity
Description Criteria
Nonplastic A vi-in. (3-mm) thread cannot be rolled at any water content
Low The thread can barely be rolled and the lump cannot be

formed when drier than the plastic limit
Medium The thread is easy to roll and not much time is required to

reach the plastic limit. The thread cannot be recoiled after
reaching the plastic limit. The lump crumbles when drier
than the plastic limit

High It taxes considerable time rolling and kneading to reach the
plastic limit. The thread can be recoiled several times after
reaching the plastic limit. The lump can be formed without
crumbling when drier than the plastic limit

TABLE 12 Identification of Inorganic Fine-Grained Soils from
Manual Tests

Soil
Symbol

ML
CL
MH
CH

Dry Strength
None to low
Medium to high
Low to medium
High to very high

Dilatancy
Slow to rapid
None to slow
None to slow
None

Toughness
Low or thread cannot be

formed
Medium
Low to medium
High

14.9 If the soil is estimated to have 15 to 25 % sand or
gravel, or both, the words "with sand" or "with gravel"
(whichever is more predominant) shall be added to the group
name. For example: "lean clay with sand, CL" or "silt with
gravel, ML" (see Fig. la and Fig. Ib). If the percentage of sand
is equal to the percentage of gravel, use "with sand."

14.10 If the soil is estimated to have 30 % or more sand or
gravel, or both, the words "sandy" or "gravelly" shall be added
to the group name. Add the word "sandy" if there appears to be
more sand than gravel. Add the word "gravelly" if there
appears to be more gravel than sand. For example: "sandy lean
clay, CL", "gravelly fat clay, CH", or "sandy silt, ML" (see Fig.
la and Fig. Ib). If the percentage of sand is equal to the percent
of gravel, use "sandy."
15. Procedure for Identifying Coarse-Grained Soils

(Contains less than 50 % fines)
15 . 1 The soil is a gravel if the percentage of gravel is

estimated to be more than the percentage of sand.
15.2 The soil is a sand if the percentage of gravel is

estimated to be equal to or less than the percentage of sand.
15 .3 The soil is a clean gravel or clean sand if the

percentage of fines is estimated to be 5 % or less.
15 .3 . 1 Identify the soil as a well-graded gravel, GW, or as a

well-graded sand, SW, if it has a wide range of particle sizes
and substantial amounts of the intermediate particle sizes.

15 .3.2 Identify the soil as a poorly graded gravel, GP, or as
a poorly graded sand, SP, if it consists predominantly of one
size (uniformly graded), or it has a wide range of sizes with
some intermediate sizes obviously missing (gap or skip
graded).

15.4 The soil is either a gravel with fines or a sand with fines
if the percentage of fines is estimated to be 15 % or more.

15 .4 . 1 Identify the soil as a clayey gravel, GC, or a clayey
sand, SC, if the fines are clayey as determined by the
procedures in Section 14.

15.4.2 Identify the soil as a silty gravel, GM, or a silty sand,
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SM, if the fines are silty as determined by the procedures in
Section 14.

15.5 If the soil is estimated to contain 10 % fines, give the
soil a dual identification using two group symbols.

15 .5 . 1 The first group symbol shall correspond to a clean
gravel or sand (GW, GP, SW, SP) and the second symbol shall
correspond to a gravel or sand with fines (GC, GM, SC, SM).

15 .5 .2 The group name shall correspond to the first group
syjnbol plus the words "with clay" or "with silt" to indicate the
plasticity characteristics of the fines. For example: "well-
graded gravel with clay, GW-GC" or "poorly graded sand with
silt, SP-SM" (see Fig. 2).

15.6 If the specimen is predominantly sand or gravel but
contains an estimated 15 % or more of the other coarse-grained
constituent, the words "with gravel" or "with sand" shall be
added to the group name. For example: "poorly graded gravel
with sand, GP" or "clayey sand with gravel, SC" (see Fig. 2).

15.7 If the field sample contains any cobbles or boulders, or
both, the words "with cobbles" or "with cobbles and boulders"
shall be added to the group name. For example: "silty gravel
with cobbles, GM."
16. Report

16.1 The report shall include the information as to origin,
and the items indicated in Table 13.

NOTE 14—Example: Clayey Gravel with Sand and Cobbles, GC—
About 50 % fine to coarse, subrounded to subangular gravel; about 30 %
fine to coarse, subrounded sand; about 20 % fines with medium plasticity,
high diy strength, no dilatancy, medium toughness; weak reaction with
HC1; original field sample had about 5 % (by volume) subrounded
cobbles, maximum dimension, 150 mm.

In-Place Conditions—Firm, homogeneous, dry, brown
Geologic Interpretation—Alluvial fan

TABLE 13 Checklist for Description of Soils
1 Group name
2. Group symbol
3. Percent of cobbles or boulders, or both (by volume)
4. Percent of gravel, sand, or fines, or all three (by dry weight)
5. Partide-size range;

Gravel—Tine, coarse
Sand—fine, medium, coarse

6. Particle angularity: angular, subangular, subrounded, rounded
7. Particle shape: (if appropriate) flat, elongated, flat and elongated
8. Maximum particle size or dimension
9. Hardness of coarse sand and larger particles

10. Plasticity of fines: nonplastic, low, medium, high
11. Dry strength: none, low, medium, high, very high
12. Dilatancy: none, slow, rapid
13. Toughness: low, medium, high
14 Color (in moist condition)
15. Odor (mention only if organic or unusual)
16. Moisture: dry, moist, wet
17. Reaction with HCI: none, weak, strong
For intact samples:
18. Consistency (fine-grained soils only): very soft, soft, firm, hard, very hard
19. Structure: stratified, laminated, fissured, slickensided, lensed, homo-

geneous
20. Cementation: weak, moderate, strong
21. Local name
22. Geologic interpretation
23. Additional comments: presence of roots or root holes, presence of mica,

gypsum, etc., surface coatings on coarse-grained particles, caving or
sloughing of auger hole or trench sides, difficulty in augering or excavating,
etc

.<—s



NOTE 15—Other examples of soil descriptions and identification are
given in Appendix XI and Appendix X2.

NOTE 16—If desired, the percentages of gravel, sand, and fines may be
stated in terms indicating a range of percentages, as follows:

Trace—Particles are present but estimated to be less than 5 %
Few—5 to 10 %
Little—15 to 25 %
Some—30 to 45 %
Mostly—50 to 100 %
16.2 If, in the soil description, the soil is identified using a

classification group symbol and name as described in Test
Method D 2487, it must be distinctly and clearly stated in log
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forms, summary tables, reports, and the like, that the symbol
and name are based on visual-manual procedures.
17. Precision and Bias

17. 1 This practice provides qualitative information only,
therefore, a precision and bias statement is not applicable.

18. Keywords
18.1 classification; clay; gravel; organic soils; sand; silt; soil

classification; soil description; visual classification

APPENDIXES
(Nonmandatory Information)

XI. EXAMPLES OF VISUAL SOIL DESCRIPTIONS

Xl.l The following examples show how the information
required in 16.1 can be reported. The information that is
included in descriptions should be based on individual circum-
stances and need.

XL 1.1 Well-Graded Gravel with Sand (GW)—About 75 %
fine to coarse, hard, subangular gravel; about 25 % fine to
coarse, hard, subangular sand; trace of fines; maximum size, 75
mm, brown, dry; no reaction with HC1.

X1 . 1 .2 Silty Sand with Gravel (SM}—About 60 % predomi-
nantly fine sand; about 25 % silty fines with low plasticity, low
dry strength, rapid dilatancy, and low toughness; about 15 %
fine, hard, subrounded gravel, a few gravel-size particles
fractured with hammer blow; maximum size, 25 mm; no
reaction with HC1 (Note—Field sample size smaller than
recommended).

In-Place Conditions—Firm, stratified and contains lenses of
silt 1 to 2 in. (25 to 50 mm) thick, moist, brown to gray;
in-place density 106 lb/ft3; in-place moisture 9 %.

XI. 1.3 Organic Soil (OL/OH)—About 100% fines with
low plasticity, slow dilatancy, low dry strength, and low
toughness; wet, dark brown, organic odor; weak reaction with
HC1.

XI. 1.4 Silty Sand with Organic Fines (SM)—About 75 %
fine to coarse, hard, subangular reddish sand; about 25 %
organic and silty dark brown nonplastic fines with no dry
strength and slow dilatancy; wet; maximum size, coarse sand;
weak reaction with HC1.

XI. 1.5 Poorly Graded Gravel with Silt, Sand, Cobbles and
Boulders (GP-GM)—About 75 % fine to coarse, hard, sub-
rounded to subangular gravel; about 15 % fine, hard, sub-
rounded to subangular sand; about 10 % silty nonplastic fines;
moist, brown; no reaction with HC1; original field sample had
about 5 % (by volume) hard, subrounded cobbles and a trace of
hard, subrounded boulders, with a maximum dimension of 18
in. (450 mm).

X2. USING THE IDENTIFICATION PROCEDURE AS A DESCRIPTIVE SYSTEM FOR SHALE, CLAYSTONE,
SHELLS, SLAG, CRUSHED ROCK, AND THE LIKE

X2.1 The identification procedure may be used as a
descriptive system applied to materials that exist in-situ as
shale, claystone, sandstone, siltstone, mudstone, etc., but con-
vert to soils after field or laboratory processing (crushing,
slaking, and the like).

X2.2 Materials such as shells, crushed rock, slag, and the
like, should be identified as such. However, the procedures
used in this practice for describing the particle size and
plasticity characteristics may be used in the description of the
material. If desired, an identification using a group name and
symbol according to this practice may be assigned to aid in
describing the material.

X2.3 The group symbol(s) and group names should be
placed in quotation marks or noted with some type of distin-
guishing symbol. See examples.

X2.4 Examples of how group names and symbols can be
incororated into a descriptive system for materials that are not
naturally occurring soils are as follows:

X2.4.1 Shale Chunks—Retrieved as 2 to 4-in. (50 to 100-
mm) pieces of shale from power auger hole, dry, brown, no
reaction with HC1. After slaking in water for 24 h, material
identified as "Sandy Lean Clay (CL)"; about 60 % fines with
medium plasticity, high dry strength, no dilatancy, and medium
toughness; about 35 % fine to medium, hard sand; about 5 %
gravel-size pieces of shale.

X2.4.2 Crushed Sandstone—Product of commercial crush-
ing operation; "Poorly Graded Sand with Silt (SP-SM)"; about
90 % fine to medium sand; about 10 % nonplastic fines; dry,
reddish-brown, strong reaction with HC1.

X2.4.3 Broken Shells—About 60 % gravel-size broken



shells; about 30 % sand and sand-size shell pieces; about 10 %
fines; "Poorly Graded Gravel with Sand (GP)."

X2.4.4 Crushed Rock—Processed from gravel and cobbles
in Pit No. 7; "Poorly Graded Gravel (GP)"; about 90 % fine,
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hard, angular gravel-size particles; about 10 % coarse, hard,
angular sand-size particles; dry, tan; no reaction with HC1.

X3. SUGGESTED PROCEDURE FOR USING A BORDERLINE SYMBOL FOR SOILS WITH TWO POSSIBLE
IDENTIFICATIONS.

X3.1 Since this practice is based on estimates of particle
size distribution and plasticity characteristics, it may be diffi-
cult to clearly identify the soil as belonging to one category. To
indicate that the soil may fall into one of two possible basic
groups, a borderline symbol may be used with the two symbols
separated by a slash. For example: SC/CL or CL/CH.

X3.1 . 1 A borderline symbol may be used when the percent-
age of fines is estimated to be between 45 and 55 %. One
symbol should be for a coarse-grained soil with fines and the
other for a fine-grained soil. For example: GM/ML or CL/SC.

X3.1 .2 A borderline symbol may be used when the percent-
age of sand and the percentage of gravel are estimated to be
about the same. For example: GP/SP, SC/GC, GM/SM. It is
practically impossible to have a soil that would have a
borderline symbol of GW/SW.

X3.1.3 A borderline symbol may be used when the soil
could be either well graded or poorly graded. For example:
GW/GP, SW/SP.

X3.1 .4 A borderline symbol may be used when the soil
could either be a silt or a clay. For example: CL/ML, CH/MH,
SC/SM.

X3. 1 .5 A borderline symbol may be used when a fine-
grained soil has properties that indicate that it is at the
boundary between a soil of low compressibility and a soil of
high compressibility. For example: CL/CH, MH/ML.

X3.2 The order of the borderline symbols should reflect
similarity to surrounding or adjacent soils. For example: soils
in a borrow area have been identified as CH. One sample is
considered to have a borderline symbol of CL and CH. To
show similarity, the borderline symbol should be CH/CL.

X3.3 The group name for a soil with a borderline symbol
should be the group name for the first symbol, except for:

CL/CH lean to fat clay
ML/CL clayey silt
CL/ML silty clay

X3.4 The use of a borderline symbol should not be used
indiscriminately. Every effort shall be made to first place the
soil into a single group.

X4. SUGGESTED PROCEDURES FOR ESTIMATING THE PERCENTAGES OF GRAVEL, SAND,
AND FINES IN A SOIL SAMPLE

X4.1 Jar Method—The relative percentage of coarse- and
fine-grained material may be estimated by thoroughly shaking
a mixture of soil and water in a test tube or jar, and then
allowing the mixture to settle. The coarse particles will fall to
the bottom and successively finer particles will be deposited
with increasing time; the sand sizes will fall out of suspension
in 20 to 30 s. The relative proportions can be estimated from
the relative volume of each size separate. This method should
be correlated to particle-size laboratory determinations.

X4.2 Visual Method—Mentally visualize the gravel size
particles placed in a sack (or other container) or sacks. Then,
do the same with the sand size particles and the fines. Then,
mentally compare the number of sacks to estimate the percent-
age of plus No. 4 sieve size and minus No. 4 sieve size present.

The percentages of sand and fines in the minus sieve size No.
4 material can then be estimated from the wash test (X4.3).

X4.3 Wash Test (for relative percentages of sand and
fines)—Select and moisten enough minus No. 4 sieve size
material to form a 1-in (25-mm) cube of soil. Cut the cube in
half, set one-half to the side, and place the other half in a small
dish. Wash and decant the fines out of the material in the dish
until the wash water is clear and then compare the two samples
and estimate the percentage of sand and fines. Remember that
the percentage is based on weight, not volume. However, the
volume comparison will provide a reasonable indication of
grain size percentages.

X4.3.1 While washing, it may be necessary to break down
lumps of fines with the finger to get the correct percentages.
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X5. ABBREVIATED SOIL CLASSIFICATION SYMBOLS

X5.1 In some cases, because of lack of space, an abbrevi-
ated system may be useful to indicate the soil classification
symbol and name. Examples of such cases would be graphical
logs, databases, tables, etc.

X5.2 This abbreviated system is not a substitute for the full
name and descriptive information but can be used in supple-
mentary presentations when the complete description is refer-
enced.

X5.3 The abbreviated system should consist of the soil
classification symbol based on this standard with appropriate
lower case letter prefixes and suffixes as:

Prefix: Suffix:

s = sandy
g = gravelly

s = with sand
g = with gravel
c = with cobbles
b = with boulders

X5.4 The soil classification symbol is to be enclosed in
parenthesis. Some examples would be:

Group Symbol and Full Name Abbreviated
CL, Sandy lean day s(CL)
SP-SM, Poorly graded sand with silt and gravel (SP-SM)g
OP, poorly graded gravel with sand, cobbles, and (GP)scb
boulders
ML, gravelly silt with sand and cobbles g(ML)sc

SUMMARY OF CHANGES
In accordance with Committee D18 policy, this section identifies the location of changes to this standard since

the last edition (1993' 1) that may impact the use of this standard.

(1) Added Practice D 3740 to Section 2. (2) Added Note 5 under 5.7 and renumbered subsequent notes.
ASTM International takes no position respecting the validity ol any patent rights asserted in connection with any Hem mentioned

in this standard. Users of this standard are expressly advised that determination ol the validity of any sucfi patent rights, and the risk
ot infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
H not revised, either reapproved or withdrawn. Your comments are invited either lor revision of this standard or lor additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive carelul consideration at a meeting ol the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shewn below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States IndMdual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail)' or through the ASTM website
(www.astm.org).

11



Recommended PracticeStandard Procedure for Field TestingWater-Based Drilling Fluids

Exploration and Production Department

API RECOMMENDED PRACTICE 13B-1
SECOND EDITION, SEPTEMBER 1997

American
Petroleum
Institute



SPECIAL NOTES
API publications necessarily address problems of a general nature. With respect to partic-

ular circumstances, local, state, and federal laws and regulations should be reviewed.
API is not undertaking to meet the duties of employers, manufacturers, or suppliers to

warn and properly train and equip their employees, and others exposed, concerning health
and safety risks and precautions, nor undertaking their obligations under local, state, or
federal laws.

Information concerning safety and health risks and proper precautions with respect to par-
ticular materials and conditions should be obtained from the employer, the manufacturer or
supplier of that material, or the material safety data sheet.

Nothing contained in any API publication is to be construed as granting any right, by
implication or otherwise, for the manufacture, sale, or use of any method, apparatus, or prod-
uct covered by letters patent. Neither should anything contained in the publication be con-
strued as insuring anyone against liability for infringement of letters patent.

Generally, API standards are reviewed and revised, reaffirmed, or withdrawn at least every
five years. Sometimes a one-time extension of up to two years will be added to this review
cycle. This publication will no longer be in effect five years after its publication date as an
operative API standard or, where an extension has been granted, upon republication. Status
of the publication can be ascertained from the API Authoring Department [telephone (202)
682-8000]. A catalog of API publications and materials is published annually and updated
quarterly by API, 1220 L Street, N.W., Washington, D.C. 20005.

This document was produced under API standardization procedures that ensure appropri-
ate notification and participation in the developmental process and is designated as an API
standard. Questions concerning the interpretation of the content of this standard or com-
ments and questions concerning the procedures under which this standard was developed
should be directed in writing to the director of the Authoring Department (shown on the title
page of this document), American Petroleum Institute, 1220 L Street, N.W., Washington,
D.C. 20005. Requests for permission to reproduce or translate all or any part of the material
published herein should also be addressed to the director.

API standards are published to facilitate the broad availability of proven, sound engineer-
ing and operating practices. These standards are not intended to obviate the need for apply-
ing sound engineering judgment regarding when and where these standards should be
utilized. The formulation and publication of API standards is not intended in any way to
inhibit anyone from using any other practices.

Any manufacturer marking equipment or materials in conformance with the marking
requirements of an API standard is solely responsible for complying with all the applicable
requirements of that standard. API does not represent, warrant, or guarantee that such prod-
ucts do in fact conform to the applicable API standard.

All rights reserved. No part of this work may be reproduced, stored in a retrieval system, or
transmitted by any means, electronic, mechanical, photocopying, recording, or otherwise,

without prior written permission from the publisher. Contact the Publisher,
API Publishing Services, 1220 L Street, N. W., Washington, D.C. 20005. L

Copyright © 1997 American Petroleum Institute



FOREWORD
This recommended practice is under the jurisdiction of the API Subcommittee on Stan-

dardization of Drilling Fluid Materials.
Additional publications under jurisdiction of this committee include Specification 13A,

which covers specifications and test procedures for barite, hematite, bentonite, nontreated
bentonite, attapulgite, and sepiolite, starch, technical-grade low-viscosity CMC, technical-
grade high-viscosity CMC, and OCMA grade bentonite. Also included are Recommended
Practice 13B-2, Bulletin 13C, Bulletin 13D, Recommended Practice 13E, Recommended
Practice 13G, Recommended Practice 131, Recommended Practice 13J, and Recommended
Practice 13K.

API publications may be used by anyone desiring to do so. Every effort has been made by
the Institute to assure the accuracy and reliability of the data contained in them; however, the
Institute makes no representation, warranty, or guarantee in connection with this publication
and hereby expressly disclaims any liability or responsibility for loss or damage resulting
from its use or for the violation of any federal, state, or municipal regulation with which this
publication may conflict.

Suggested revisions are invited and should be submitted to the director of the Exploration
and Production Department, American Petroleum Institute, 1220 L Street, N.W., Washington,
D.C. 20005-4070.
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Recommended Practice Standard Procedure for
Field Testing Water-Based Drilling Fluids

1 Scope
The purpose of this recommended practice is to provide

standard procedures for the testing of water-based drilling
fluids. It is not a detailed manual on mud control proce-
dures. It should be remembered that the agitation history
and temperature of testing have a profound effect on mud
properties.

This recommended practice is organized to follow the tests
as listed on the API "Drilling Mud Report" form (API Rec-
ommended Practice 13G, Second Edition, May 1982). Addi-
tional tests are given in the Appendix of this recommended
practice.

Metric SI unit equivalents have been included in this publi-
cation in parentheses following the U.S. customary units.

2 References
Unless otherwise specified, the most recent editions or

revisions of the following standards, codes, and specifications
shall, to the extent specified herein, form a part of this stan-
dard.
API

RP 13B-2 Recommended Practice Standard Procedure
for Field Testing Oil-Based Drilling Fluids

Bul 13C Bulletin on Drilling Fluids Processing Equip-
ment

Bul 13D Bulletin on the Rheology of Oil Well Drilling
Fluids

RP 13E Recommended Practice for Shale Shaker
Screen Cloth Designation

RP 13G Recommended Practice for Drilling Mud
Report Form

RP 131 Recommended Practice for Laboratory Test-
ing of Drilling Fluids

RP 13J Recommended Practice for Testing Heavy
Brines

RP 13K Recommended Practice for Chemical Analy-
sis ofBarite

3 Mud Weight (Density)
3.1 DESCRIPTION

This test procedure is a method for determining the weight
of a given volume of liquid. Mud weight may be expressed as
pounds per gallon Ob/gal), pounds per cubic foot Ob/ft3),
grams per cubic centimeter (g/cm3), or kilograms per cubic
meter (kg/m3).

3.2 EQUIPMENT
The following equipment is needed:

a. Any instrument of sufficient accuracy to permit measure-
ment within ±0.1 pound per gallon (or 0.5 pound per cubic
foot, 0.01 gram per cubic centimeter, 10 kilograms per cubic
meter) may be used. The mud balance (see Figures 1 and 2) is
the instrument generally used for mud weight determinations.
The mud balance is designed such that the mud cup at one
end of the beam is balanced by a fixed counterweight at the
other end, with a sliding-weight rider free to move along a
graduated scale. A level-bubble is mounted on the beam to
allow for accurate balancing. (Attachments for extending the
range of the balance may be used when necessary.)
b. Thermometer: 32-220°F (0-105°C).
3.3 PROCEDURE

This test procedure should be followed:
a. Set the instrument base on a flat, level surface,
b. Measure the temperature of the mud and record it on the
"Drilling Mud Report" form.
c. Fill the clean, dry cup with mud to be tested; put the cap
on the filled mud cup and rotate the cap until it is firmly
seated. Ensure that some of the mud is expelled through the
hole in the cap in order to free any trapped air or gas (see
Appendix D for air removal).
d. Holding the cap firmly on the mud cup (with the cap hole
covered), wash or wipe the outside of the cup clean and dry.
e. Place the beam on the base support and balance it by mov-
ing the rider along the graduated scale. Balance is achieved
when the bubble is under the center line,
f. Read the mud weight at the edge of the rider toward the
mud cup. Make appropriate corrections when a range
extender is used.
3.4 PROCEDURE—CALIBRATION

The instrument should be calibrated frequently with fresh
water. Fresh water should give a reading of 8.3 pounds per
gallon or 62.3 pounds per cubic foot (1000 kilograms per
cubic meter) at 70°F (21°C). If it does not, adjust the balanc-
ing screw or the amount of lead shot in the well at the end of
the graduated arm as required.

3.5 CALCULATION
The following are the steps for calculation:

a. Report the mud weight to the nearest 0.1 pound per gallon
or 0.5 pound per cubic foot (0.01 gram per cubic meter, 10
kilograms per cubic meter).
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FRONT VIEW

BACK VIEW
Figure 1—Mud Balance

Figure 2—Mud Balance and Case c
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b. To convert the reading to other units, use the following:
n . . 3 Ib/ff IblgalDensity = e/cm — —r-^—= —-—7 B 62.3 8.345

kg/m = (lbift\\6) = (lb/gal)(l2Q)
.. , ,. ... Ib/f? Ib/gal 3

Mud gradient, pst/ft = ——, ———, or

3.6 ALTERNATE MUD WEIGHT METHOD
3.6.1 Description

The density of a mud containing entrained air or gas can be
determined more accurately by using the pressurized fluid
density balance as described in this section. The pressurized
fluid density balance is similar in operation to the conven-
tional mud balance, the difference being that the slurry sam-
ple can be placed in a fixed-volume sample cut under
pressure.

The purpose of placing the sample under pressure is to
minimize the effect of entrained air or gas upon slurry density
measurements. By pressurizing the sample cup, any entrained
air or gas will be decreased to a negligible volume, thus pro-
viding a slurry density measurement more closely in agree-
ment with that which will be realized under downhole
conditions.
3.6.2 Equipment

The following equipment is needed for the alternate mud
weight method:
a. Measurement device: Any instrument of sufficient accu-
racy to permit measurement within ±0.1 pound per gallon (or
0.5 pound per cubic foot, 0.01 gram per cubic meter, 10 kilo-
grams per cubic meter) may be used. The pressurized mud
balance (see Figures 3 and 4) is the instrument generally used
for pressurized balance mud weight determinations. The pres-
surized mud balance is designed such that the mud cup and
screw-on lid, at one end of the beam, is balanced by a fixed
counterweight at the other end, with a sliding-weight rider free
to move along a graduated scale. A level-bubble is mounted on
the beam to allow for accurate balancing (see Figures 3 and 4).
b. Thermometer: 32-220°F (0-105°C).

3.6.3 Procedure
This test procedure should be followed for the alternate

mud weight method:
a. Fill the sample cup to a level slightly below the upper edge
of the cup [approximately 0.25 inch (6.4 millimeters)].
b. Place the lid on the cup with the attached check valve in
the down (open) position. Push the lid downward into the
mouth of the cup until surface contact is made between the
outer skirt of the lid and the upper edge of the cup. Any

excess slurry will be expelled through the check valve. When
the lid has been placed on the cup, pull the check valve up in
the closed position, rinse off the cup and threads with water,
and screw the threaded cap on the cup.
c. The pressurizing plunger is similar in operation to a
syringe. Fill the plunger by submersing its end in the slurry
with the piston rod in the completely inward position. Then
draw the piston rod upward, thereby filling the cylinder with
slurry. This volume should be expelled with the plunger
action and refilled with a fresh slurry sample to ensure that
this plunger volume is not diluted with liquid remaining from
the last clean-up of the plunger mechanism,
d. Push the nose of the plunger onto the mating O-ring sur-
face of the cap valve. Pressurize the sample cup by maintain-
ing a downward force on the cylinder housing in order to hold
the check valve down (open) and at the same time forcing the
piston rod inward. Approximately 50 pounds (225 newtons)
force or greater should be maintained on the piston rod (see
Figure 4).
e. The check valve in the lid is pressure actuated; when pres-
sure is placed within the cup, the check valve is pushed
upward into the closed position. To close the valve, gradually
ease up on the cylinder housing while maintaining pressure
on the piston rod. When the check valve closes, release pres-
sure on the piston rod before disconnecting the plunger,
f. The pressurized slurry sample is now ready for weighing.
Rinse the exterior of the cup and wipe dry. Place the instru-
ment on the knife edge as illustrated. Move the sliding weight
right or left until the beam is balanced. The beam is balanced
when the attached bubble is centered between the two black
marks. Read the density from one of the four calibrated scales
on the arrow side of the sliding weight. The density can be
read directly in units of pounds per gallon, specific gravity,
pounds per square inch/1000 feet and pounds per cubic feet,
g. To release the pressure inside the cup, reconnect the empty
plunger assembly and push downward on the cylinder housing.
h. Clean the cup and rinse thoroughly with water. For best
operation in water-based slurries, the valve should be greased
frequently with waterproof grease.
3.6.4 Procedure—Calibration

Calibrate the instrument frequently with fresh water. Fresh
water should give a reading of 8.3 pounds per gallon or 62.3
pounds per cubic feet (1000 kilograms per cubic meter) at
70°F (21°C). If it does not, adjust the balancing screw or the
amount of lead shot in the well at the end of the graduated
arm as required.
3.6.5 Calculation

The following is the calculation procedure:
a. Report the mud weight to the nearest 0.1 pound per gallon
or 0.5 pound per cubic foot (0.01 gram per cubic centimeter,
10 kilograms per cubic meter).
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Figure 3—Pressurized Fluid Density Balance

Sealing lid.

Slurry sample
Entrained air

Pressuring pump

Pressuring valve

Sample cup

Figure 4—Typical Pressurized Fluid Density Balance Diagram
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b. To convert the reading to other units, use the following:

, 3 lb/ft3 Ib/gal= =

kg/m* = (lb/ft3) (16) = (Ib/gal) (120)
3 Ib/gal kg/rn= - = JL_. . . , . ....Mud graven,, psSft =

c. A list of density conversions may be found in Table 1 .

Table 1 — Density Conversion
1

Pounds per
Gallon
(Ib/gal)

6.5
7.0
7.5
8.0
8.3
8.5
9.0
9.5

10.0
10.5
11 .0
11 .5
12.0
12.5
13.0
13.5
14.0
14.5
15.0
15.5
16.0
16.5
17.0
17.5
18.0
18.5
19.0
19.5
20.0
20.5
21 .0
21.5
22.0
22.5
23.0
23.5
24.0

2 3 4
Grams per Kilograms

Pounds per Cubic per Cubic
Cubic Foot Centimeter Meter

Ob/ft3) (g/cm3)' (kg/m3)
48.6 0.78 780
52.4 0.84 840
56.1 0.90 900
59.8 0.96 960
62.3
63.6
67.3
71 . 1
74.8
78.5
82.3
86.0
89.8
93.5
97.2

101 .0
104.7
108.5
1 12.5
1 15 .9
119.7
123.4

1. 00 1000
.02 1020
.08 1080
.14 1 140
.20 1200
.26 1260
.32 1320
.38 1380
.44 1440
.50 1500
.56 1560
.62 1620
.68 1680
.74 1740
.80 1800
.86 1860
.92 1920
.98 1980

127.2 2.04 2040
130.9 2. 10 2100
134.6 2.16 2160
138.4 2.22 2220
142.1 2.28 2280
145.9 2.34 2340
149.6 2.40 2400
153.3 2.46 2460
157.1 2.52 2520
160.8 2.58 2580
164.6 2.64 2640
168.3 2.70 2700
172.1 2.76 2760
175.8 2.82 2820
179.5 2.88 2880

'Same as specific gravity (sg).

4 Viscosity and Gel Strength
4.1 DESCRIPTION

The following instruments are used to measure viscosity
and/or gel strength of drilling fluids:
a. Marsh funnel: a simple device for indicating viscosity on a
routine basis.
b. Direct-indicating viscometer: a mechanical device for
measurement of viscosity at varying shear rates.

Viscosity and gel strength are measurements that relate to
the flow properties of muds. The study of deformation and
flow of matter is called rheology. An in-depth discussion of
rheology is made in API Bulletin 13D.

4.2 MARSH FUNNEL
4.2.1 Equipment

The following equipment is used:
a. Marsh funnel: a marsh funnel (see Figure 5) is calibrated
to out-flow one quart (946 cubic centimeters) of fresh water at
a temperature of 70 ±5°F (21 ±3°C) in 26 ±0.5 seconds. A
graduated cup is used as a receiver. Specifications:

1. Funnel Cone:
Length . . . . . . . . . . . . . . . . 12.0 inches (305 millimeters).
Diameter . . . . . . . . . . . . . . 6.0 inches (152 millimeters).
Capacity to the bottom
of the s c r e e n . . . . . . . . . . . . . . . 1500 cubic centimeters.

2. Orifice:
Length . . . . . . . . . . . . . . . . 2.0 inches (50.8 millimeters).
Inside D i a m e t e r . . . . . . . . . . . . 3/i6-inch (4.7 millimeters).
3. Screen: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 mesh.
The screen has '/16-inch (1.6 millimeters) openings and is

fixed at a level 3/4 inch (19.0 millimeters) below the top of the
funnel.
b. Graduated cup: one quart,
c. Stopwatch,
d. Thermometer: 32-220°F (0-105°C).

4.2.2 Procedure
This procedure should be followed:

a. Cover the funnel orifice with a finger and pour freshly
sampled drilling fluid through the screen into the clean,
upright funnel. Fill the funnel until the fluid reaches the bot-
tom of the screen.
b. Remove finger and start the stopwatch. Measure the time
for the mud to fill to the one-quart (946-cubic centimeter)
mark of the cup.
c. Measure the temperature of fluid in °F (°C).
d. Report the time to the nearest second as marsh funnel vis-
cosity. Report the temperature of the fluid to the nearest °F (°C).
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Figure 5—Marsh Funnel and Cup
4.3 DIRECT-INDICATING VISCOMETER
4.3.1 Equipment

The following equipment is used:
a. Direct-indicating viscometers: These are rotational types
of instruments powered by an electric motor or a hand crank.
Drilling fluid is contained in the annular space between two
concentric cylinders. The outer cylinder or rotor sleeve is
driven at a constant rotational velocity (revolutions per
minute). The rotation of the rotor sleeve in the fluid produces
a torque on the inner cylinder or bob. A torsion spring
restrains the movement of the bob, and a dial attached to the
bob indicates displacement of the bob.

Instrument constants have been adjusted so that plastic vis-
cosity and yield point are obtained by using readings from
rotor sleeve speeds of 300 revolutions per minute and 600
revolutions per minute.

Specifications—Direct-indicating viscometer:
1. Rotor Sleeve:
Inside d i ame t e r . . . . . . . . 1 .450 inches (36.83 millimeters).
Total length . . . . . . . . . 3.425 inches (87.00 millimeters).
Scribed line . . . . . . . . . . . 2.30 inches (58.4 millimeters).
These dimensions are above the bottom of the sleeve.
There are two rows of !/s-inch (3.18-millimeter) holes

spaced 120 degrees (2.09 radians) apart, around the rotor
sleeve just below the scribed line.

2. Bob:
Diameter . . . . . . . . . . . 1 .358 inches (34.49 millimeters).

Cylinder length . . . . . . 1.496 inches (38.00 millimeters).
The bob is closed with a flat base and a tapered top.
3. Torsion spring constant: 386 dyne-centimeters/degree
deflection.
4. Rotor speeds:
High s p e e d . . . . . . . . . . . . . . . 6 0 0 revolutions per minute.
Low s p e e d . . . . . . . . . . . . . . . 3 0 0 revolutions per minute.

b. Types of viscometers used to test drilling fluids:
1. Hand-cranked instrument (see Figure 6) has speeds of
300 revolutions per minute and 600 revolutions per
minute. A knob on the hub of the speed-change lever is
used to determine gel strength.
2. The 12-volt, motor-driven instrument (Figure 7) also
has speeds of 300 revolutions per minute and 600 revolu-
tions per minute. A governor-release switch permits high
shearing before measurement, and a knurled hand-wheel
is used to determine gel strength.
3. The 115-volt instrument (Figure 8) is powered by a
two-speed synchronous motor to obtain speeds of 3, 6,
100, 200,300, and 600 revolutions per minute. The 3-revo-
lutions per minute speed is used to determine gel strength.
4. The variable speed 115-volt or 240-volt instrument
(Figure 9) is motor powered to obtain all speeds between
1 -revolution per minute and 625 revolutions per minute.
The 3-revoIutions per minute speed is used to determine
gel strength.

c. Stopwatch.
d. Suitable container, for example, the cup provided with the
viscometer.
e. Thermometer: 320F-220°F(00C-105°C).
4.3.2 Procedure
CAUTION: Maximum operating temperature is 200°F
(93°C). If fluids above 200°F (93°C) are to be tested, a solid
metal bob or a hollow metal bob with a completely dry inte-
rior should be used. Liquid trapped inside a hollow bob may
vaporize when immersed in high-temperature fluid and cause
the bob to explode.

This procedure should be followed:
a. Place a sample in the container and immerse the rotor
sleeve exactly to the scribed line. Make measurements in the
field with minimum delay (within five minutes, if possible)
and at a temperature as near as is practical to that of the mud
at the place of sampling [not to differ more than 10°F (6°C)].
State the place of sampling on the report,
b. Record the temperature of the sample,
c. With the sleeve rotating at 600 revolutions per minute,
wait for the dial reading to reach a steady value (the time
required is dependent on the mud characteristics). Record the
dial reading for 600 revolutions per minute,
d. Shift to 300 revolutions per minute and wait for the dial
reading to reach steady value. Record the dial reading for 300
revolutions per minute.

C
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Figure 6—Hand-Crank Viscometer Figure 8—115-Volt Motor-Driven Viscometer

Figure 7—12-Volt Motor-Driven Viscometer Figure 9—Variable Speed Viscometer
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e. Stir the drilling fluid sample for 10 seconds at high speed.
f. Allow the drilling fluid sample to stand undisturbed for 10
seconds. Slowly and steadily turn the hand-wheel in the
direction to produce a positive dial reading. The maximum
reading is the initial gel strength. For instruments having a 3-
revolutions per minute speed, the maximum reading attained
after starting rotation at 3 revolutions per minute is the initial
gel strength. Record the initial gel strength (10 sec gel) in
pounds per 100 square feet (pascals),
g. Restir the drilling fluid sample at high speed for 10 sec-
onds and then allow the mud to stand undisturbed for 10 min-
utes. Repeat the measurements as in 4.3.2, Item f, and report
the maximum reading as 10-minute gel in pounds per 100
square feet (pascals).
4.3.3 Calculation

The following calculation should be used:

Plastic Viscosity, cP

Yield Point, lb/100 ft3 =

_ \600 rprn\ _
[reading]

300 rpm
reading

300 rpm
reading

- Plastic Viscosity

. ... . p. 600 rpm readingApparent Viscosity, cP = ———*-—————-

5 Filtration
5.1 DESCRIPTION

Measurement of the filtration behavior and wall-cakebuild-
ing characteristics of a mud are fundamental to drilling-fluid
control and treatment, as are the characteristics of the filtrate,
such as oil, water, or emulsion content.

These characteristics are affected by the types and quanti-
ties of solids in the fluid and their physical and chemical
interactions, which, in turn, are affected by temperature and
pressure. Therefore, tests are run at both low pressure/low
temperature and high pressure/high temperature, and each
requires different equipment and techniques.

5.2 LOW-TEMPERATURE/LOW-PRESSURE TEST
5.2.1 Equipment—Low-Temperature/Low-

Pressure Test
The following equipment is needed for the low-tempera-

ture/low-pressure test:
a. A filter press: This consists mainly of a cylindrical mud
cell having an inside diameter of 3 inches (76.2 millimeters)
and a height of at least 2.5 inches (64.0 millimeters). This
chamber is made of materials resistant to strongly alkaline
solutions and is so fitted that a pressure medium can be con-

veniently admitted into, and bled from, the top. The arrange-
ment is also such that a sheet of 9-centimeter filter paper can
be placed in the bottom of the chamber just above a suitable
support. The filtration area is 7.1 ±0.1 cubic inches (4580 ±60
cubic millimeters). Below the support is a drain tube for dis-
charging the filtrate into a graduated cylinder.

Sealing is accomplished with gaskets, and the entire
assembly supported by a stand. Figures 10 and 11 depict stan-
dard units by different manufacturers.

Pressure can be applied with any nonhazardous fluid
medium, either gas or liquid. Presses are equipped with pres-
sure regulators and can be obtained with portable pressure
cylinders, midget pressure cartridges, or means for utilizing
hydraulic pressure.

To obtain correlative results, one thickness of the proper
90-millimeter filter paper, Whatman No. 50, S&S No. 576, or
the equivalent, must be used.
Note: The mini-press or half-area press does not directly correlate with the
results obtained when using the standard-sized press.
Note: The API low-temperalure/low-pressure filter press must have a filter
area of 4520 square millimeters to 4640 square millimeters, which is a diam-
eter of 75.86 millimeters to 76.86 millimeters. The filter press gasket is the
determining factor of the filter area. It is recommended that a filter press gas-
ket used be tested by a conical gauge that has the maximum (76.86 millime-
ters) and the minimum (75.86 millimeters) marked on it. Any filter press
gasket found out of these ranges (either larger or smaller than the markings)
will be discarded.
b. Timer: 30-minute interval.
c. Graduated cylinder (TC): 10-cubic centimeter or 25-cubic
centimeter.
5.2.2 Procedure

Test
-Low-Temperature/Low-Pressure

This procedure should be followed for the low-tempera-
ture/low-pressure test:
a. Be sure each part of the cell, particularly the screen, is
clean and dry, and that the gaskets are not distorted or
worn. Pour the mud sample into the cell to within 0.5 inch
(13 millimeters) to the top (to minimize CO2 contamination
of filtrate) and complete the assembly with the filter paper
in place.
b. Place a dry graduated cylinder under the drain rube to
receive the filtrate. Close the relief valve and adjust the regu-
lator so that a pressure of 100 ±5 pounds per square inch (690
±35 kilopascals) is applied in 30 seconds or less. The test
period begins at the time of pressure application.
c. At the end of 30 minutes, measure the volume of filtrate.
Shut off the flow through the pressure regulator and open the
relief valve carefully. Report the time interval, if other than 30
minutes.
d. Report the volume of filtrate in cubic centimeters (to 0.1
cubic centimeter) as the API filtrate, and the initial mud tem-
perature in °F (°C). Save the filtrate for appropriate chemical
testing.
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Figure 10—Filter Press With CO2 Cartridge Pressurization

WITH NITROGEN PRESSURIZATION WITH CO2 CARTRIDGE PRESSURIZATION
Figure 11—Filter Press
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e. Remove the cell from the frame, first making certain that
all pressure has been relieved. Using extreme care to save the
filter paper with a minimum of disturbance to the cake, disas-
semble the cell and discard the mud. Wash the filter cake on
the paper with a gentle stream of water.
f. Measure and report the thickness of the filter cake to the
nearest '/6: inch (0.8 millimeter).
g. Although cake descriptions are subjective, one may use
such notations as hard, soft, tough, rubbery, firm, and the like,
to convey important information of cake quality.

5.3 HIGH-TEMPERATURE/HIGH-PRESSURE TEST
5.3.1 Equipment—High-Temperature/High-

Pressure Test
CAUTION: All manufacturers' equipment are not capable of
the same temperatures and pressures. Rigid adherence to
manufacturers' recommendations as to sample volumes, tem-
peratures, and pressures is essential. Failure to do so could
result in serious injury.

The following equipment is used for the high-temperature/
high-pressure test:
a. The high-temperarure/high-pressure filter press: This con-
sists of a controlled pressure source (CO2 or nitrogen), regula-tors, a mud cell able to contain working pressures from 600
pounds per square inch to 1300 pounds per square inch, a sys-
tem for heating the cell, a pressurized collection cell able to
maintain proper back pressure (see Table 2) in order to pre-
vent flashing or evaporation of the filtrate, and a suitable
stand. Figures 12 and 13 show available units. The mud cell
has a thermometer well, oil-resistant gaskets, a support for the
filter medium, and a valve on the filtrate delivery tube to con-
trol flow from the cell. It may be necessary to replace the gas-
kets frequently.
CAUTION: Nitrous oxide cartridges should not be used as
pressure sources for high-temperature, high-pressure (HTHP)
filtration. Under temperature and pressure, nitrous oxide can
detonate in the presence of grease, oil, or carbonaceous mate-
rials. Nitrous oxide cartridges are to be used only for Garrett
Gas Train Carbonate Analysis.
b. Filter medium:

1. Whatman No. 50 or equivalent filter paper for tempera-
tures to 400°F (204°C).
2. Dynalloy X-5 or equivalent porous disc for tempera-
tures above 400°F (204°C). A new disc is required for
each test.

c. Timer: 30-minute interval.
d. Thermometer: up to SOOT (260°C).
e. Graduated cylinder (TC): 25-cubic centimeter or 50-cubic
centimeter.
f. High-speed mixer.

5.3.2 Procedure—Temperature to SOOT (149°C)
Follow this procedure for the high-temperature/high-pres-

sure test to 300°F (149°C).
a. Place the thermometer in the well in the jacket and preheat
to 10°F (6°C) above the desired temperature. Adjust the ther-
mostat to maintain desired temperature,
b. Stir the mud sample for 10 minutes with a high-speed
mixer. Pour the mud sample into the mud cell, being careful
not to fill closer than 0.5 inch (13 millimeters) from the top to
allow for expansion. Install the filter paper,
c. Complete the assembly of the cell and, with both top and
bottom valves closed, place it in the heating jacket. Transfer
the thermometer to the well in the mud cell,
d. Connect the high-pressure collection cell to the bottom
valve and lock in place.
e. Connect a regulated pressure source to the top valve and
collection cell, and lock in place.
f. Keeping the valves closed, adjust the top and bottom regu-
lators to 100 pounds per square inch (690 kilopascals). Open
the top valve, applying 100 pounds per square inch (690 kilo-
pascals) to the mud. Maintain this pressure until the desired
temperature is stabilized. The time of heating of the sample in
the filter cell should never exceed a total of one hour,
g. When the sample reaches the selected temperature,
increase the pressure of the top pressure unit to 600 pounds
per square inch (4140 kilopascals) and open the bottom valve
to start filtration. Collect the filtrate for 30 minutes, maintain-
ing the selected temperature within ±5°F (±3°C). If back
pressure rises above 100 pounds per square inch (690 kilopas-
cals) during the test, cautiously reduce the pressure by draw-
ing off a portion of the filtrate. Record the total volume,
temperature, pressure, and time.
h. Correct the filtrate volume to a filter area of 7.1 square
inches (4580 square millimeters). If the filter area is 3.5
square inches (2258 square millimeters), double the filtrate
volume, and report that volume.
i. At the end of the test, close the top and bottom valves on
the mud cell. Bleed the pressure from the regulators.
CAUTION: Pressure in the mud cell will still be approxi-
mately 500 pounds per square inch (3450 kilopascals). Keep
the cell upright and cool it to room temperature before dis-
assembling. Bleed the pressure from the cell before disas-
sembling.
j. Remove the cell from the heating jacket, first making cer-
tain that the bottom and top valves are tightly shut and all
pressure is off the regulators. Using extreme care to save the
filter paper, place the cell upright, open the valve to bleed
pressure from the cell contents, and open the cell. Discard the
mud, and retrieve the filter cake. Wash the filter cake on the
paper with a gentle stream of water.
k. Measure and report the thickness of the filter cake to the
nearest '/h inch (0.8 millimeter).
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Table 2—Recommended Minimum Back Pressure
Test Temperature Vapor Pressure Minimum Back Pressure

T
212
250
300

•c
100
121
149

psi
14.7
30
67

kPa
101
207
462

psi
100
100
100

kPa
690
690
690

LIMIT of "Normal" Field Testing
'350
•400
•450

177
204
232

135
247
422

932
1704
2912

*Do not exceed equipment manufacturers' recommendations for maximum temperatures, pressures, and volumes.

160
275
450

1104
1898
3105

Figure 12 — High-Temperature Filter Press, I Figure 13 — High-Temperature Filter Press, n

5.3.3 Procedure — Temperature Above 300°F
(149°C)

CAUTION: Not all the manufacturers' equipment can be
used above 300°F (149°C). Know the pressure/temperature
rating of equipment in use. Failure to do so could result in
serious injury.

Testing at high temperature and high pressure calls for
added safety precautions. All pressure cells should be
equipped with manual relief valves. Heating jackets should
be equipped with both an overheat safety fuse and thermo-
static cutoff. Vapor pressure of the liquid phase of muds
becomes an increasingly critical design factor as test tem-
peratures are raised. Water vapor pressures at various tem-
peratures are shown in Table 2.

Follow this procedure for high-temperature/high-pressure
tests above 300°F(149°C):
a. Place the thermometer in the well in the jacket and preheat
to 10°F (6°C) above the desired temperature. Adjust the ther-
mostat to maintain the correct temperature.
b. Stir the mud sample for 10 minutes with a high-speed
mixer. Pour the mud sample into the mud cell, being careful
not to fill the cell closer than 1.5 inches (38 millimeters) from
the top to allow for expansion. Install the proper filter
medium (see 5.3. 1 , Item b).
c. Complete the assembly of the cell, and with the top and
bottom valves closed, place the mud cell in the heating jacket.
Transfer the thermometer to the well in the mud cell.
d. Connect the high-pressure collection cell to the bottom
valve, and lock in place.
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e. Connect the regulated pressure source to the top valve and
the collection cell, and lock in place.
f. With the top and bottom valves closed, apply the recom-
mended back pressure (Table 2) for the test temperature to
both top and bottom. Open the top valve, applying the same
pressure to the mud while heating. Maintain this pressure
until the test temperature is reached and stabilized,
g. When the temperature of the sample reaches the test tem-
perature, increase the pressure on the top by 500 pounds per
square inch (3450 kilopascals) over the back pressure being
held, and open the bottom valve to begin filtration. Collect the
filtrate for 30 minutes, holding the test temperature within
±5°F (±3°C) and maintaining the proper back pressure. If the
back pressure should begin to rise, it can be reduced by cau-
tiously drawing off a small portion of the filtrate. Time of
heating of the sample in the filter cell should never exceed a
total of one hour.
h. After the test period close both top and bottom valves on
the pressure cell and bleed pressure from the regulators.
Allow a minimum of 5 minutes for the filtrate to cool to avoid
vaporizing, then cautiously drain and record the total volume.
Also record the temperature, pressures, and time. Be sure to
allow sufficient time for all the filtrate to drain from the
receiver.
CAUTION: Pressure inside the filter cell will still be approxi-
mately 500 pounds per square inch (3450 kilopascals). Keep
the cell upright and cool to room temperature before disas-
sembly. Bleed pressure from cell before disassembling. Fail-
ure to do so could result in serious injury.
i. Remove the cell from the heating jacket, first making cer-
tain that the bottom and top valves are tightly shut and all
pressure is off the regulators. Using extreme care to save the
filter paper, place the cell upright, open the valve to bleed
pressure from the cell contents and open the cell. Discard the
mud, and retrieve the filter cake. Wash the filter cake on the
paper with a gentle stream of water.
j. Measure and report the thickness of the filter cake to the
nearest '/fc inch (0.8 millimeter).

6 Water, Oil, and Solids
6.1 DESCRIPTION

The retort instrument provides a means for separating and
measuring the volumes of water, oil, and solids contained in
a sample of water-based mud. In the retort, a known volume
of a whole water mud sample is heated to vaporize the liq-
uid components which are then condensed and collected in
a graduated receiver. Liquid volumes are determined
directly from reading the oil and water phases in the
receiver. The total volume of solids (suspended and dis-
solved) is obtained by the difference (total sample volume -
liquid volume). Calculations are necessary to determine the
volume of suspended solids since any dissolved solids will

be retained in the retort. The relative volumes of low-gravity
solids and weighting material can also be calculated.
Knowledge of the solids concentration and composition is
considered basic to viscosity and filtration control in water-
based muds.

6.2 EQUIPMENT
The following equipment is used to separate and measure

the volumes of water, oil, and solids.
a. Retort instrument (Figures 14 and 15):

Retorts of two sizes (10-cubic centimeter and 20-cubic
centimeter) are commonly available. Specifications of these
retorts are as follows:

1. Sample cup:

Item Sample Cup Size
Total volume
Precision

10-cm3

±0.05 cm3 20-cm3

±0.10cm3

2. Liquid condenser: sufficient mass to cool the oil and
water vapors below their vaporization temperature prior to
leaving the condenser.
3. Heating element: sufficient wattage to raise the temper-
ature of the sample above the vaporization point of the liq-
uid components within 15 minutes without causing solids
boil-over.
4. Temperature control: a temperature control is desir-
able. It should be capable of limiting the temperature of
the retort to 930° ±70°F (500° ±20°C).

b. Liquid receiver:
1. Graduated cylinder, or tube.
2. Material: transparent and inert to oil, water, salt solu-
tion, and temperatures up to 90°F (32°C).
3. Specifications of graduation marks:

Graduate Size

Precision

Graduation

10-cm3

±0.10cm3

0.10cm3

20-cm3

±0.20 cm3

0.20 cm3

Calibration method for
marks

Scale to read

TC (to contain at 20'C)

cm3 and/or volume percent

c. Fine steel wool (in other words, No. 000).
Note: Liquid Steel Wool or similar products are not recommended for this
application.
d. High-temperature silicone grease (used for a thread seal
and a lubricant),
e. Pipe cleaners.
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Figure 14—Retort for Liquid and Solid Content

Figure 15—Retort for Liquid and Solid Content



14 API RECOMMENDED PRACTICE 13B-1

f. Putty knife or spatula with the blade shaped to fit the
inside dimensions of the sample cup of the retort,
g. Defoaming agent.
6.3 PROCEDURE
Note: This procedure will vary slightly depending on the type of retort used.
See the manufacturer's instructions for the complete procedure.

Proceed as follows:
a. Be sure the retort sample cup, condenser passage, and liq-
uid receiver are clean, dry, and cooled from previous use.

1. The inside of the sample cup and lid must be thor-
oughly cleaned prior to each test. Periodically, the interior
of the sample cup should also be lightly polished with
steel wool.
2. In addition, the condenser passage should be cleaned
and dried before each test using pipe cleaners. A build-up
of material in the condenser can decrease condensation
efficiency and cause erroneous liquid readings in a test,

b. Collect a representative sample of water-based mud and
allow it to cool to approximately 80°F (26°C). Screen the
sample through the 20-mesh screen on the marsh funnel to
remove lost circulation material, large cuttings, or debris,
c. If the mud sample contains gas or air, add 2 drops to 3
drops of defoaming agent to about 300 cubic centimeters of
mud, and stir slowly for 2 minutes to 3 minutes to release
gases.
d. Lubricate the threads on the sample cup and condenser
tube with a light coating of silicone grease. This prevents
vapor loss through the threads and also facilitates disas-
sembly of the equipment and clean-up at the end of the
test.
e. Lightly pack a ring of steel wool into the chamber above
the sample cup. Use only enough steel wool to prevent a boil-
ing over of solids into the liquid receiver. (This is determined
from experience.)
f. Fill the retort sample cup with the gas-free water mud
described in Item c.
g. Carefully place the lid on the sample cup and allow an
overflow of the sample through the hole in the lid to insure
that the correct volume of the sample is in the cup.
h. With the lid held tightly in place, wipe the overflow from
the sample cup and lid. Be sure that the sample cup threads
are still covered with silicone grease after wiping, and that the
hole in the lid is not plugged.
i. Screw the retort cup onto the retort chamber with its con-
denser.
j. Place a clean, dry liquid receiver under the condenser dis-
charge tube.
k. Heat the retort and observe the liquid falling from the con-
denser. Continue heating for ten minutes beyond the time that
no more condensate is being collected.
1. Remove the liquid receiver from the retort. Notice if solids
are in the liquid that was recovered. If so, whole mud has

boiled over from the sample cup and the test must be
repeated.
m. Read the volumes of water and oil in the liquid receiver
after it has cooled to ambient temperature. Record the vol-
umes (or volume percentage) of water and oil collected.
6.4 CALCULATION

This calculation should be used:
a. Using the measured volumes of oil and water and the vol-
ume of the original whole mud sample (10-cubic centimeter
or 20-cubic centimeter), calculate the volume percent of
water, oil, and total solids in the mud as follows.

Volume percent water (Vw):
.. _ 100 volume of water, cm)2v w — •—-—volume of sample, cm)

Volume percent oil (V0):
.. _ 100 (volume of water, cm)30 volume of sample, cm3

Volume percent retort solids (VJ:
V,= 100-(VW+V0)

Note: The volume percent retort solids above is only the difference between
water plus oil, and the total sample volume (10-cubic centimeter or 20-cubic
centimeter). This difference is both suspended solids (weighting material and
low gravity) and dissolved materials (for example, salt). This volume percent
retort solids is the suspended solids only if the mud is an untreated, freshwa-
ter mud.
b. Additional calculations are required to find the volume
percent suspended solids and relate them to the relative vol-
umes of low-gravity solids and weighting material. To make
these calculations, an accurate mud weight and chloride con-
centration are needed.

V - v -V'is — "i ' w 1 ,680, 000-1 .2 1 C s

Where:
Va = volume percent suspended solids.
Cs = chloride concentration, milligrams per liter.

Volume percent low-gravity solids are calculated as follows:

Pt> ~ Pit
Where:

Vlf = volume percent low-gravity solids.
Wm = mud weight, pounds per gallon.
pf = density of filtrate, grams per cubic meter.
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Note: (p, = 1 + 0.00000109 Cj) is based on sodium chloride.
PJ, = density of weighting material, grams per cubic

meter,
p,, = density of low gravity solids, grams per cubic

meter. (Use 2.6 if unknown.)
pa = density of oil, grams per cubic meter. (Use 0.84 if

unknown.)
Volume percent weighting material (Vb) is calculated as

follows:

Concentration of low gravity solids, weighting material,
and suspended solids can be calculated as follows:

C,, =3.49 (pi,) (V,,)
Cb=3.49(pb)(Vb)

Where:

Cb =
Ca =

low gravity solids concentration, pounds per barrel.
weighting material concentration, pounds per barrel.
suspended solids concentration, pounds per barrel.

7 Sand
7.1 DESCRIPTION

The sand content of mud is the volume percent of particles
larger than 74 microns. It is measured by a sand-screen set
(see Figure 16).
7.2 EQUIPMENT

Use the following equipment to measure the sand content
of mud:
a. 200-mesh sieve, 2.5 inches (63.5 millimeters) in diameter.
b. Funnel to fit sieve.
c. Glass-measuring tube marked for the volume of mud to be
added. The tube is graduated from 0 percent to 20 percent in
order to read the percentage of sand directly.
7.3 PROCEDURE

Follow this procedure to measure the sand content of mud:
a. Fill the glass measuring tube with mud to the "mud" mark.
Add water to the next mark. Close the mouth of the tube and
shake it vigorously.
b. Pour the mixture onto the clean, wet screen. Discard the
liquid passing through the screen. Add more water to the
tube. Then shake, and again pour it onto the screen. Repeat
this process until the tube is clean. Wash the sand retained on
the screen to free it of any remaining mud.
c. Put the funnel upside down over the top of the sieve.
Slowly invert the assembly and insert the tip of the funnel into

Figure 16—Sand-Content Set

the mouth of the glass tube. Wash the sand into the tube by
playing a fine spray of water through the screen. Allow the
sand to settle. From the graduations on the tube, read the vol-
ume percent of the sand.
d. Report the sand content of the mud in volume percent.
Report the source of the mud sample, in other words, above
the shaker, suction pit, and so forth. Coarse solids other than
sand will be retained on the screen (for example, lost circula-
tion material), and the presence of such solids should be noted.

8 Methylene Blue Capacity
8.1 DESCRIPTION

The methylene blue capacity of drilling fluid is an indica-
tion of the amount of reactive clays (bentonite and/or drill
solids) present as determined by the methylene blue test
(MBT). The methylene blue capacity provides an estimate of
the total cation exchange capacity (CEC) of the drilling fluid
solids. Methylene blue capacity and cation exchange capacity
are not necessarily equivalent, the former normally being
somewhat less than the actual cation exchange capacity.

Methylene blue solution is added to a sample of drilling
fluid (which has been treated with hydrogen peroxide and
acidified) until saturation is noted by formation of a dye
"halo" around a drop of solids suspension placed on filter
paper. Variations of the procedure used on the drilling fluid
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can be performed on drill solids and commercial bentonite to
allow an estimate of the amount of each type of solid present
in the fluid (see Recommended Practicel3I).

Drilling fluids frequently contain substances in addition to
reactive clays that adsorb methylene blue. Pretreatment with
hydrogen peroxide (see 8.3, Item b) is intended to remove the
effect of organic materials such as lignosulfonates, lignites,
cellulosic polymers, polyacrylates, and the like.

8.2 EQUIPMENT
The following equipment is needed to perform the methyl-

ene blue test:
a. Methylene blue solution: 3.20 grams reagent grade meth-
ylene blue (C16H,8N3SC1)/L (1 cubic centimeter = 0.01 mil-
liequivalent) (CAS # 61-73-4),
Note: The moisture content of reagent grade methylene blue must be deter-
mined each time the solution is prepared. Dry a 1.000-gram portion of meth-
ylene blue to a constant weight at 200 ±5°F (93 ±3°C). Make the appropriate
correction in the weight of methylene blue to be taken to prepare the solution
as follows:

Weight of sample to be taken, g = 3.20
weight of dried sample

-5).b. Hydrogen peroxide: 3 percent solution (CAS #7722-
c. Dilute sulfuric acid: approximately 5 newtons.
d. Syringe (TD): 2.5-cubic centimeter or 3-cubic centimeter.
e. Erlenmeyer flask: 250-cubic centimeter.
f. Burette (TD): 10-cubic centimeter, micropipette: 0.5-cubic
centimeter, or graduated pipette: 1-cubic centimeter.
g. Graduated cylinder (TD): 50-cubic centimeter.
h. Stirring rod.
i. Hotplate.
j. Whatman No. 1 filter paper, or equivalent.

8.3 PROCEDURE
Follow this procedure to perform the MET:

a. Add 2.0 cubic centimeters of drilling fluid (or suitable vol-
ume of drilling fluid to require from 2 cubic centimeters-10
cubic centimeters of methylene blue solution) to 10 cubic
centimeters of water in the Erlenmeyer flask. To assure that
exactly 2.0 cubic centimeters are being added, use the follow-
ing procedure:

1. The syringe should have a capacity of more than 2
cubic centimeters—generally 2.5 cubic centimeters or 3
cubic centimeters. By using a larger syringe, it is not nec-
essary to remove the air trapped in the syringe.
2. The air or gas entrained in the drilling fluid must be
removed (see Appendix D). Stir the drilling fluid to break
the gel and quickly draw the drilling fluid into the syringe.
Then, slowly discharge the syringe back into the drilling
fluid, keeping the tip submerged.

3. Again, draw the drilling fluid into the syringe until the
end of the plunger is at the last graduation on the syringe
(for example, at the 3-cubic centimeter line on a 3-cubic
centimeter syringe.)
4. Deliver 2.0 cubic centimeters of drilling fluid by push-
ing the plunger until the end of the plunger is exactly 2
cubic centimeters from the last graduation on the syringe.
Thus, in a 3-cubic centimeter syringe, it would be at the 1-
cubic centimeter line.

b. Add 15 cubic centimeters of 3 percent hydrogen peroxide
and 0.5 cubic centimeter of sulfuric acid. Boil gently for 10
minutes, but do not allow to boil to dryness. Dilute to about
50 cubic centimeters with water.
c. Add methylene blue to the flask in increments of 0.5
cubic centimeter. If the approximate amount of methylene
blue solution necessary to reach the endpoint is known from
previous testing, larger increments (1 cubic centimeter to 2
cubic centimeters) can be used at the beginning of the titra-
tion. After each addition of methylene blue solution, swirl
the contents of the flask for about 30 seconds. While the sol-
ids are still suspended, remove one drop of liquid with the
stirring rod and place the drop on the filter paper. The initial
endpoint of the titration is reached when dye appears as a
blue or turquoise ring surrounding the dyed solids as shown
in Figure 17.
d. When the blue tint spreading from the spot is detected,
shake the flask an additional 2 minutes and place another
drop on the filter paper. If the blue ring is again evident, the
final endpoint has been reached. If the blue ring does not
appear, continue as before (see Item c) until a drop taken after
2 minutes shows the blue tint.

8.4 CALCULATION
Report the methylene blue capacity (MBT) of the drilling

fluid, calculated as follows:
Methylene blue _ methylene blue, cm3

capacity, cmVcm3 drilling fluid, cm3

Alternately, the methylene blue capacity can be reported as
pounds per barrel bentonite equivalent (based on bentonite
with a cation exchange capacity of 70 meq/100 grams) calcu-
lated as follows:
n • - i iun.i-i 5 (methylene blue, cm*) ,.-.Bentonite equivalent, Ib/bbl = ——,—r-————. —- (1)drilling fluid, cm3

3 2.85 (bentoniteBentonite equivalent, kg/m g, = equivalent, Ib/bbl) (2)
Note: The pounds per barrel bentonite equivalent from (Equations 1 or 2)
is not equal to the amount of commercial bentonite in the drilling fluid.
Reactive clays in the drill solids contribute to this quantity as well as com-
mercial bentonite. See Recommended Practice 131 for additional informa-
tion on estimating the amount of commercial bentonite and drill solids
present.
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Moisture
4cm3

2cm

1cm3

Volume methylene bluesolution added

Dyed mud solids
(no free, unadsorbed dye present)

6cm3

Dyed mud solids
7cm3

— — End point

Moisture

Free, unadsorbed dye

"Free dye detected immediately after adding sixth cm3 is adsorbed after two minutes and indicates
that end point has not quite been reached.

Figure 17—Spot Tests for End Point of Methylene Blue Titration

9 pH
9.1 DESCRIPTION

Field measurement of drilling-fluid (or filtrate) pH and
adjustments to the pH are fundamental to drilling fluid control.
Clay interactions, solubility of various components and con-
taminants, and effectiveness of additives are all dependent on
pH, as is the control of acidic and sulfide corrosion processes.

The term pH denotes the negative logarithm of the hydro-
gen ion, H*, activity in aqueous solutions (activity and con-
centration are equal only in dilute solutions):

For pure water at 75°F (24°C), the hydrogen ion activity
[H+] is 1Q-7 moles/liter and pH = 7. This system is termed
neutral because the hydroxyl ion activity [OHr] is also KF
moles/liter. In aqueous systems at 24°C the ion product, [//*]
x [OH'], is 10.14 (a constant). Consequently, an increase in H*
denotes a like decrease in [OH-]. A change in pH of one unit
indicates a ten-fold change in both [H+] and [OH~]. Solutions
with pH less than 7 are termed acidic, and those with pH
greater than 7 are termed basic or alkaline.

The recommended method for pH measurement of drilling
fluid is with a glass electrode pH meter. This method is accu-
rate and gives reliable pH values, being free of interferences
if a high-quality electrode system is used with a properly
designed instrument. Rugged pH instruments are available
that automatically temperature-compensate the slope and are
preferred over the manually adjusted instruments.
Note: Color matching pH paper and sticks are used for field pH measure-
ments, but are not the methods recommended. These methods are reliable
only in very simple water muds. Mud solids, dissolved salts and chemicals,
and dark-colored liquids cause serious errors in pH paper values. Readability
is normally about 0.5 pH unit.

9.2 EQUIPMENT
The following equipment is needed:

a. pH meter: millivolt range potentiometer calibrated to show
pH units for measuring the potential between a glass-mem-
brane electrode and a standard "reference" electrode. The
instrument is (preferred) to be water-, shock-, and corrosion-
resistant, and portable. Specifications are as follows:

1. The pH range: 0 to 14.
2. Electronics type: solid state (preferred).
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3. Power source: batteries (preferred).
4. Operating temperature range: 32°F-150°F (0°C-

66°C).
5. Readout: digital (preferred).
6. Resolution: 0.1 pH unit
7. Accuracy: ±0.1 pH unit.
8. Repeatability: 0.1 pH unit.
9. Adjustments:

(a) Temperature compensation of electrode system.
(b) Slope of electrode system (preferred).
(c) Calibration setting of readout. (An instrument with
the preceding internal temperature compensation is
preferred.)

b. Electrode system: A combination system of a glass elec-
trode for sensing H+ ions and a standard-voltage reference
electrode, constructed as a single electrode (preferred). The
body of this probe should be constructed of durable material.
A flat-end probe is preferred for better protection and easier
cleaning of the electrode. A waterproof connection to the
meter is recommended. Specifications are as follows:

1. Glass pH electrode response range: O-to-14 pH unit.
2. Electrodes: a glass electrode and a silver/silver chlo-
ride electrode in combination, having a ceramic or a plas-
tic single or double junction.

Note: Use a double junction electrode for measuring liquids containing
sulfide or bromide ions to avoid damaging the (silver) reference electrode
system.

3. Electrolyte in reference electrode: KC1 gel.
4. Glass composition suitable for low-sodium ion error.
5. Sodium ion error at pH = 13 or at 0.1 mole Na+ ion, an
error less than 0.1 pH unit.

c. Buffer solutions: three solutions to calibrate and set the
slope of the pH meter prior to sample measurement.

1. The pH = 4.0: potassium hydrogen phthalate at 0.05
molar in water. Gives 4.01 pH at 75°F (24°C).
2. The pH = 7.0: potassium dihydrogen phosphate at
0.02066 molar and disodium hydrogen phosphate at
0.02934 molar in water. Gives 7.00 pH at 75°F (24°C).
3. The pH = 10.0: sodium carbonate at 0.025 molar and
sodium bicarbonate at 0.025 molar in water. Gives 10.01
pH at 75°F (24°C).

Note: Buffers may be obtained from supply houses as pre-made solution,
dry-powder packages, or a given formula, but must duplicate National
Bureau of Standards primary or secondary buffers. Shelf life of all buffers is
not io exceed six months before disposal. The date of preparation of buffer
should be shown on bottles used in the field. Bottles should be kept tightly
stoppered.
d. Distilled or deionized water in spray bottle.
e. Soft tissues to blot electrodes.
f. Thermometer: glass, 32°F-220°F (0°C-150°C).
g. Accessory equipment:

1. Soft-bristle test tube brush to clean electrode.
2. Mild liquid detergent: Ivory*, or equivalent.
3. Electrode storage vial to keep electrodes moist.

4. Sodium hydroxide: 0.1 molar (approximately) to recon-
dition electrode.
5. Hydrochloric acid: 0.1 molar (approximately) to recon-
dition electrode.
6. Ammonium bifluoride: 10 percent solution (approxi-
mately) to recondition electrode.
CAUTION: This is a strong and toxic acid.
7. Hydrofluoric acid: ACS reagent grade.
CAUTION: This is a strong acid.

9.3 PROCEDURE—pH MEASUREMENT
Proceed as follows to measure pH:

a. Obtain a sample of the fluid to be tested. Allow it to reach
75±5°F(24±3°C).
b. Allow the buffer solution to also reach the same tempera-
ture as the fluid to be tested.
Note: For accurate pH measurement the test fluid, buffer solution, and refer-
ence electrode must all be at the sample temperature. Trie pH of the buffer
solution indicated on the container label is the correct pH only at 75°F
(24°C). If one is attempting to calibrate at another temperature, the actual pH
of the buffer at this temperature must be used. Tables of buffer pH values at
various temperatures are available from the suppliers and should be used in
the calibration procedure.
c. Clean the electrodes by washing them with distilled water,
and blot dry.
d. Place the probe into the pH 7.0 buffer,
e. Turn on the meter; wait 60 seconds for the reading to sta-
bilize (See 9.4, Item a if the meter reading is not stable),
f. Measure the temperature of pH 7 buffer solution,
g. Set this temperature on the temperature knob,
h. Set the meter reading to 7.0 using the calibration knob,
i. Rinse the probe with distilled water and blot it dry.
j. Repeat the operations in 9.3, Items f through i, using either
a pH 4.0 or pH 10.0 buffer. Use pH 4.0 if an acidic sample is
to be tested, or pH 10.0 if an alkaline sample is to be tested.
Set the meter to number 4.0 or 10.0 respectively, using the
slope adjustment knob. (If no slope knob exists, use the tem-
perature knob to set 4.0 or 10.0 on the meter.)
k. Check the meter with the pH 7 buffer again. If it has
changed, reset it to 7.0 with the calibration knob. Repeat
Items f through k. If the meter does not calibrate properly,
recondition or replace the electrodes as given in 9.4, Item a
through 9.4, Item f.
Note: Discard and do not reuse the sample of buffer solutions used in cali-
bration. The meter should be fully calibrated every day, as in Items b
through k, using two buffers. Check with the pH 7 buffer every three
hours.
1. If the meter calibrates properly, rinse the electrode with
distilled water, and blot it dry. Place the electrode in the sam-
ple to be tested and stir gently. Allow 60 seconds to 90 sec-
onds for the reading to stabilize.
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m. Record the sample pH to the nearest 0.1 pH unit and the tem-
perature of the sample tested on the drilling-mud report form,
n. Carefully clean the electrode in preparation for the next
usage. Store in a vial of pH 4 buffer. NEVER let the probe tip
become dry.
o. Turn the meter off and close the cover to protect the instru-
ment. Avoid storing the instrument at extreme temperatures
[below 32°F (0°C) or above 120°F (49°C)].

9.4 PROCEDURE—CARE OF THE ELECTRODE
To care for the electrode, follow this procedure:

a. Cleaning the electrode will be necessary periodically,
especially if oil or clay particles coat the face of the glass
electrode or the porous frit of the reference electrode. Clean
the electrode with a soft-bristle brush and a mild detergent,
b. Reconditioning the electrode may be necessary if plug-
ging becomes severe, as indicated by slow response, drifting
of readings or if the slope and calibration cannot be mutu-
ally set.
c. Recondition the electrode by soaking it for 10 minutes in
0.1 M HC1, followed by rinsing in water and soaking for 10
minutes in 0.1 M NaOH, and rinsing it again,
d. Check the electrode for response by performing a calibra-
tion (see 9.3, Items b through k).
e. If the electrode continues to perform poorly, soak it for
two minutes, only, in 10 percent NH4F*HF solution. Repeat
the steps in 9.3, Items b through k to check for calibration
capability.
CAUTION: This is strong and toxic acid.
f. Replace the electrode system if the preceding steps fail to
recondition it.

10 Chemical Analysis
10.1 ALKALINITY AND LIME CONTENT
10.1.1 Description

Alkalinity is the acid-neutralizing power of a substance. In
drilling-fluid testing, alkalinity measurements can be made on
either the whole mud (designated with a subscript m) or on
the filtrate (designated with a subscript f). The data collected
from the alkalinity test can also be used to estimate the con-
centrations of hydroxyl (OR-), carbonate (CCy2), and bicar-
bonate (HCOj) ions in the drilling fluid.

Knowledge of the mud and filtrate alkalinities is important
in many drilling operations to insure proper control of the
mud chemistry. Mud additives, particularly some defloccu-
lants, require an alkaline environment to function properly. In
information about the source and nature of the alkalinity
exists. Alkalinity arising from hydroxyl ions is generally
accepted as being beneficial while alkalinities resulting from

carbonates and/or bicarbonates may have adverse effects on
the mud performance.

The ions that are primarily responsible for filtrate alkalin-
ities are the hydroxyl (OH-), carbonate (CO3-

2), and bicar-
bonate (HCO3~) ions. It is important to realize that the
carbonate species can change from one form to another
form by changing the solution pH. The interpretation of fil-
trate alkalinities involves calculating differences between
the tilration values obtained by the following procedures. It
is for this reason that special attention to accurate measure-
ment of the various reagents is important in all steps of the
procedure. In addition, it is important to realize that the fol-
lowing calculations are only estimates of the concentrations
of the reported ionic species based on theoretical chemical
equilibrium reactions.

The composition of mud filtrates is often so complex
that the interpretation of alkalinities in terms of estimated
ionic components may be misleading. Any particular alka-
linity value represents all of the ions which will react with
the acid in the pH range over which that particular value
was tested. Inorganic ions that may contribute to the alka-
linity, in addition to the hydroxyl, carbonate, and bicarbon-
ate ions, are as follows: borates, silicates, sulfides, and
phosphates. Perhaps a more serious problem in drilling flu-
ids and anionic organic thinners, filtrate reducers, and their
degradation products may contribute to a large portion of
the alkalinity value, as well as masking the endpoint color
change. These organic materials make a particularly large
contribution to the M^ alkalinity and thus render the test
highly inaccurate in muds treated with organic thinners.
However, for simple bentonite-base mud systems contain-
ing no organic thinners, the phenolphthalein (Pf) and themethyl orange (M,) alkalinities can be used as guidelines to
determine both the presence of carbonate/bicarbonate con-
tamination and the treatment necessary to alleviate the con-
tamination. If organic thinners are present in large
amounts, the PJM, test is suspect and the P,/P2 method
should be used.

10.1 .2 Equipment
The following equipment is needed:

a. Sulfuric acid solution: standardized 0.02 Normal (N/50)
(CAS #7664-93-9).
b. Phenolphthalein indicator solution: 1 gram per 100 cubic
centimeters of a 50 percent alcohol/water solution (CAS
#518-51-4) .
c. Methyl orange indicator solution: 0.1 gram per 100 cubic
centimeters of water (CAS #547-58-0).
d. A pH meter (optional).
Note: A pH meter is more accurate than an indicator solution.
e. Titration vessel: 100-cubic centimeter to 150-cubic centi-
meter, preferably white.
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f. Serological (graduated) pipettes (TD): one 1-cubic centi-
meter and one 10-cubic centimeter,
g. Volumetric pipette (TD): 1-cubic centimeter,
h. Hypodermic syringe (TD): 1-cubic centimeter.
i. Stirring rod.

10.1.3 Procedure—Filtrate Alkalinity: Pt, M,
To measure filtrate alkalinity: P{, Mf, proceed as follows:

a. Measure one or more cubic centimeters of filtrate into the
titration vessel. Add two or more drops of the phenolphtha-
lein indicator solution. If the indicator turns'plnk. add 0.02
normal (N/50) sulfuric acid, drop by drop from the graduated
pipette, while stirring, until the pink color just disappears. If
the sample is so colored that the indicator color change is
masked, the endpoint can be taken when the pH drops to 8.3,
as measured with a pH meter. (Refer to Section 9 for proper
pH measurement.)
b. Report the phenolphthalein alkalinity of the filtrate, P,, as
the number of cubic centimeters of 0.02 normal acid required
per cubic centimeter of filtrate.
c. To the sample which has been titrated to the PI endpoint,
add two or three drops of methyl orange indicator solution.
Add the standard acid drop by drop from the pipette, while
stirring, until the color of the indicator changes from yellow
to pink. The endpoint can also be taken when the pH of the
sample drops to 4.3 as measured by a pH meter. (Refer to
Section 9 for proper pH measurement.)
d. Report the methyl orange alkalinity of the filtrate, M(, asthe total cubic centimeters of 0.02 normal acid per cubic
meter of filtrate required to reach the methyl orange endpoint
(including that amount required for the Pf endpoint).

10.1.4 Procedure—Mud Alkalinity: Pm
To measure the mud alkalinity: Pm, proceed as follows:

a. Measure 1.0 cubic centimeter of mud into the titration
vessel using a syringe or volumetric pipette. Dilute the mud
sample with 25 cubic centimeters to 50 cubic centimeters
of distilled water. Add 4 drops to 5 drops of phenolphtha-
lein indicator solution and, while stirring, titrate rapidly
with 0.02 normal (N/50) standard sulfuric acid solution
until the pink color disappears. If the endpoint color change
cannot be seen, it can be taken when the pH drops to 8.3
measured by a pH meter. (Refer to Section 9 for proper pH
measurement.)
Note: If cement contamination is suspected, the titration must be performed
as rapidly as possible and the endpoint reported as the first disappearance of
the pink color.
b. Report the phenolphthalein alkalinity of the mud, Pm, asthe number of cubic centimeters of 0.02 normal (N/50) acid
required per cubic centimeter of mud.

10.1.5 Calculation—Pf, M,
The concentrations of hydroxyl, carbonate, and bicarbon-

ate ions can be estimated as follows in Table 3:
Table 3—Concentrations, mg/L

Item OH-
Pf = 02Pf<M(2P, = MSip(>MfP, = M(

0
0
0

34Q(2P1-MI)340M,

0
12QOP,
\200Pf

1200(M,-P,)
0

1220M,
!220(Mr2/>,)

0
o "•
0

10. 1 .6 Procedure—Estimated Lime Content
To estimate the lime content proceed as follows:

a. Determine the P( and Pm of the filtrate and mud as
described in 10.1 .3 and 10.1.4.
b. Determine the volume fraction of water in the mud, F^,
using the value for volume percent water from the liquid and
solids determination (Section 6) in the following equation:

... _ Volume percent waterw ~ 100
10.1 .7 Calculation—Estimated Lime Content

Report the lime^content of the mud in pounds per barrel
(Ib/bbl) or in the SI equivalent, kilograms per cubic meter
(kg/m3) from the following equations:

- Estimated Lime, Ib/bbl = 0.26 (Pm - F»P,)
Estimated Lime, kg/m3 = 0.742 (Pm - FJP,)

10.2 ALTERNATE ALKALINITY METHOD
10.2.1 Description

The P1/P2 back-titration method was mainly developed in
an attempt to overcome the limitations of the /VMf alkalinitymethod (see 10.1 . 1 through-10.1.5). The P1/P2 method also
has limitations. A comparison of the generally accepted
"advantages and disadvantages of the two alkalinity measure-
ments are listed in Table 4.

Table 4—Filtrate Alkalinity Methods Comparison
Method Advantages Disadvantages

Interference in the M(titration
Bicarbonate result normally
too high

3 titrations with 3 samples
Caustic measurement critical
Uses a toxic material (BaCl2)

Note: The total carbonate concentration in a drilling fluid can also be deter-
mined by use of the Garrett gas train as described in Appendix A.

Pf/M[ Traditional method
2 titrations, I sample

P1/P2 Eliminates interference
in M; titrations
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10.2.2 Equipment—P1/P2 Alkalinity Method
The following equipment is needed for the P1/P2 alkalinity

method:
a. Hydrochloric acid solution: standardized 0.02 normal
(N/50)(CAS #7647-01-0).
b. Sodium hydroxide solution: 0.1 normal (N/10) (CAS
#1310-73-2).
c. Barium chloride solution: 10 percent, neutralized to pH 7
with NaOH (CAS # 10361-37-2).
d. Phenolphthalein indicator solution: 1 gram per 100 cubic
centimeters of a 50-percent alcohol-water solution (CAS
#518-51-4).
e. Deionized water,
f. pH paper strips: 6-12 range.
g. pH meter, optional (as discussed in Section 7).
h. Titration vessel: 100-cubic centimeter to 150-cubic centi-
meter, preferably white.
i. Volumetric pipette (TD): one 1-cubic centimeter and one
2-cubic centimeter.
j. Burette (TD): automatic student type, 25-cubic centimeter.
k. Graduated cylinders (TC): one 25-cubic centimeter and
one 5-cubic centimeter or 10-cubic centimeter.
1. Stirring rod.

10.2.3 Procedure—P1/P2 Alkalinity Method
Follow this procedure for the P1/P2 alkalinity method:

a. Determine the P, alkalinity as described in 10. 1 .2 , 10 . 1 . 3 ,
Items a and b.
b. Using a volumetric pipette, measure 1.0 cubic centimeter
of filtrate into the titration vessel. Add 25 cubic centimeters of
deionized water to the titration vessel,
c. Using a volumetric pipette, add 2.0 cubic centimeters of
0.1 normal (N/10) sodium hydroxide solution and stir well.
Measure the pH with the high-range pH paper (or pH meter).
If the pH is 11.4 or greater, proceed to 10.1 . 10, Item d. If the
pH is less than 11.4 add 2.0 cubic centimeters more of 0.1
normal sodium hydroxide solution; then proceed to 10.1 . 10,
Item d.
Note: Exact measurement of the sodium hydroxide is necessary to avoid seri-
ous errors.
d. Using the small graduated cylinder, measure 3 cubic centi-
meters of barium chloride and add to the titration vessel. Add
2 drops to 4 drops of phenolphthalein indicator solution while
stirring.
CAUTION: Do not use your mouth to pipette the barium
chloride solution. It is extremely poisonous.
e. Immediately titrate the mixture with the standard 0.02 nor-
mal hydrochloric acid to the first disappearance of the pink
color (or to a pH of 8.3 with a pH meter). The color may reap-
pear after a short time: do not continue the titration.

f. Report the alternate alkalinity, PI, as the cubic centimeter
of 0.02 normal acid to reach the phenolphthalein endpoint.
g. Determine the blank alkalinity, P2. Omit the filtrate, but
otherwise repeat the procedure described in Items b through f
for determining PI, using exactly the same quantities of water
and reagents in preparing the sample.
h. Report the blank alkalinity, P2, as the cubic centimeter of
0.02 normal acid needed to titrate the reagent mixture to the
phenolphthalein endpoint.

10.2.4 Calculation—P1/P2 Alkalinity Method
The procedure given in the previous paragraphs is intended

to reduce the major interferences in the P/M, alkalinity test,
and thus provide a better estimate of hydroxyl, carbonate, and
bicarbonate concentrations. Calculating these concentrations
does not make them true values; the composition is theoreti-
cal, based on water chemistry carbonate equilibriums.

Within the limitations outlined, the various ionic concen-
trations can be calculated as follows in milligrams per liter
(mg/L):
When PI > P2

OH-, mg/L = 340 (P1-P2)
CO3-

2, mg/L = 1200 [P, - (PI - P2)]
\VhenPl<P2

HCCy, mg/L = 1220 (P2 - PI)
CO3-

2, mg/L =1200 P,

10.3 CHLORIDE
10.3.1 Description

The chloride test measures the chloride-ion concentration
in the mud filtrate.

10.3.2 Equipment
The following equipment is needed to perform the chloride

test:
a. Silver nitrate solution containing 4.7910 grams per liter (g/
L) (equivalent to 0.001 grams chloride-ion/cubic centime-
ters), stored in an amber or opaque bottle (CAS #7761-88-8).
b. Potassium chromate indicator solution: 5 grams per 100
cubic centimeters of water (CAS #7789-00-6).
c. Sulfuric or nitric acid solution: standardized 0.02 normal
(N/50) (Sulfuric acid CAS #7664-93-9 or nitric acid CAS
#7697-37-2).
d. Phenophthalein indicator solution: 1 gram per 100 cubic
centimeters of 50 percent alcohol/water solution (CAS #518-
51-4).
e. Calcium carbonate: precipitated, chemically pure grade
(CAS #471-34-1) .
f. Distilled water.
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g. Serological (graduated) pipettes (TO): one 1-cubic centi-
meter and one 10-cubic centimeter.
h. Titration vessel: 100 cubic centimeter to 150-cubic centi-
meter, preferably white.
i. Stirring rod.

10.3.3 Procedure
To perform the chloride test, proceed as follows:

a. Measure one or more cubic centimeters of filtrate into the
titration vessel. Add 2 drops to 3 drops of phenolphthalein
solution. If the indicator turns pink, add acid drop-by-drop
from pipette, while stirring, until the color is discharged. If
the filtrate is deeply colored, add an additional 2 cubic centi-
meters of 0.02 normal (N/50) sulfuric or nitric acid and stir.
Then add 1 gram of calcium carbonate and stir,
b. Add 25 cubic centimeters to 50 cubic centimeters of dis-
tilled water and 5 drops to 10 drops of potassium chromate
solution. Stir continuously while adding standard silver
nitrate solution drop-by-drop from the pipette until the color
changes from yellow to orange-red and persists for 30 sec-
onds. Record the number of cubic centimeters of silver nitrate
solution required to reach the endpoint. If over 10 cubic centi-
meters of silver nitrate solution are used, repeat the test with a
smaller sample of filtrate.
Note: If the chloride-ion concentration of the filtrate exceeds 10.000 milli-
grams per liter, a silver nitrate solution equivalent to 0.01 gram chloride-ion
per cubic centimeter may be used. The factor 1,000 in Equation 3 is then
changed to 10,000.

10.3.4 Calculation
Report the chloride-ion concentration of the filtrate in mil-

ligrams per liter, calculated as follows:
„,, ., „ 1000 (silver nitrate, cm3) ...Chloride, mg/L = ——^——————;— , ' (3)

Table 5—Conversion of Milligrams per Liter Chloride to
Weight Percent Saft (NaCI) or Parts per Million Saft

Solution Temperature at 68'F (20'C)

To convert units:

Chloride, ppm =

filtrate sample, cm

Chloride, mg/L
Specific Gravity of Filtrate

Salt (NaCI), mg/L = (1.65) Chloride, mg/L

Refer to Table 1 for filtrate specific gravity.
Refer to Table 5 for conversion of the percent of salt in salt

water to milligrams per liter or parts per million.

10.4 TOTAL HARDNESS AS CALCIUM
10.4.1 Description

The hardness of water or mud filtrate is due primarily to
the presence of calcium and magnesium ions. When EDTA
(ethylenediaminetetraacetic acid or its salt) is added to the
water, it combines both with the calcium and magnesium, and

Milligrams
per Liter
Chloride

3,040
6,100

12,300
18.600
24,900
31.599
37,900
44,200
51,200
57.600
64,900
71,800
79.000
86,100
93,400

100,900
108,200
115,800
123,500
131.200
139,200
147,300
155,200
163,600
169,400
171.700
188,700

Weight
Percent
Salt
0.5
1
2
3
4
5
6
7
8
9

10
1 1
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Milligrams
per Liter

Salt
5.020

10,050
20,250
30,700
41 . 100
52,000
62,500
73,000
84,500
95,000

107,100
118,500
130,300
142,000
154,100
166,500
178,600,
191,000
203,700
216,500
229,600
256,100
256,100
270,000
279,500
283.300
31 1 .300

Parts per
Million
Salt
5,000

10,000
20,000
30,000
40.000
50,000
60,000
70,000
80.000
90,000

100,000
110,000
120.000
130,000
140.000
150,000
160.000
170,000
180,000
190,000
200,000
210,000
220,000
230.000
240,000
250,000
260,000

Note: It is quite common for many laboratories analyzing water samples to
report milligrams per liter of salt as parts per million. If it is known that an
analysis is reported in this way, the milligram per liter salt column should be
used in converting to percent salt rather than the parts per million salt column.

the endpoint is determined with a suitable indicator. The total
hardness of the water is expressed as milligrams per liter cal-
cium. An endpoint obscured by dark components can be rem-
edied by oxidizing with a reagent such as sodium
hypochlorite.
10.4.2 Equipment

The following equipment is needed:
a. EDTA solution (Versenate): 0.01 molar: disodium (ethyl-
enediamine) tetraacetate dihydrate standardized (1 cubic cen-
timeter = 1000 milligrams per liter CaCO3,1 cubic centimeter
= 400 milligrams per liter Ca+2) (CAS #139-33-3).
b. Buffer solution: 67.5 grams ammonium chloride (CAS
#12125-02-9) and 570 cubic centimeters ammonium hydrox-
ide (CAS #1336-21-6) (15N) diluted to 1000 cubic centime-
ters with distilled water.
c. Hardness indicator solution: 1 gram per liter Calmagite*
or equivalent, l-(l-hydroxy-4-methyl-2-phenyIazo)-2-naph-
thol-4-sulfonic acid in distilled water (CAS #3147-14-6).
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d. Acetic acid: glacial (CAS #64-19-7).
CAUTION: Avoid skin contact.
e. Titration vessel: 150-cubic centimeter beaker,
f. Serological (graduated) pipettes (TD): one 5-cubic centi-
meter and one 10-cubic centimeter.
g. Volumetric pipettes (TD): one 1-cubic centimeter, one 2-
cubic centimeter and one 5-cubic centimeter,
h. Hot plate (required if the filtrate is colored).
i. Masking agent: 1:1 :2 mixture by volume of triethanola-
mine: tetraethylenepentamine: water (optional).
j. pH paper strip.
k. Sodium hypochlorite solution: 5.25 percent sodium
hypochlorite in deionized water (in other words, Clorox* or
equivalent).
CAUTION: Many brands contain calcium hypochlorite or
oxalic acid and should not be used. Be sure the sodium
hypochlorite is fresh as it will deteriorate with time.
1. Deionized or distilled water.
Note: The deionized water and sodium hypochlorite solution should be tested
for hardness by using 50.0 cubic centimeters of the deionized water in 10.4.3,
Item f, and 10 cubic centimeters of the hypochlorite in 10.4.3, Item b, with-
out the test sample, and continuing with Items g and h. If the procedure is
then repeated with the test sample utilizing 50.0 cubic centimeters of the
deionized water and 10 cubic centimeters hypochlorite in 10.4.3, Items f, g,
and h, the hardness of the test sample can be determined by subtracting the
hardness of the deionized water and hypochlorite.

10.4.3 Procedure
To measure total hardness of water, proceed as follows:

a. Measure 1.0 cubic centimeters or more of sample into a
150-cubic centimeter beaker. (If the filtrate is clear, or is only
lightly colored, omit the following steps b through e).
b. Add 10 cubic centimeters hypochlorite (Clorox* or equiv-
alent), and mix.

c. Add 1 cubic centimeter glacial acetic acid, and mix.
d. Boil the sample for five minutes. Maintain the sample
volume by adding deionized water as required during boil-
ing. Boiling is required to remove excess chlorine. Verify
the absence of chlorine by immersing a strip of pH paper in
the sample. If the paper is bleached white, continue boiling.
CAUTION: Work in an adequately ventilated area.
e. Cool the sample and wash the sides of the beaker with
deionized water.
f. Dilute the sample to 50 cubic centimeters with deionized
water. Add about 2 cubic centimeters of hardness buffer and
swirl to mix.
Note: The presence of soluble iron may interfere with the endpoint determi-
nation. If this is suspected, a mixture of triethanolamineitetraethylenepen-
tamine:water ( 1 : 1 :2 by volume, respectively) has proven to be a suitable
masking agent. One cubic centimeter of the mixture is used per titration.
g. Add sufficient hardness indicator (2 drops to 6 drops) and
mix. A wine-red color will develop if calcium and/or magne-
sium is present.
h. While stirring, titrate with EDTA solution to the proper
endpoint. Calcium indicators will produce a red-to-blue
change. The endpoint is best described as that point where
additional EDTA produces no further red-to-blue color
change. The EDTA volume will be used in the calculation in
10.4.4.

10.4.4 Calculation
The following calculation should be used to determine

total hardness as calcium:

Total hardness as calcium, mg/L =
400( EDTA volume, cm3)

volume sample, cm



APPENDIX A—CHEMICAL ANALYSIS OF WATER-BASED DRILLING FLUIDS
A.1 Calcium
A.1.1 DESCRIPTION

When EDTA (ethylenediaminetetraacetic acid or its salt)
is added to water or mud filtrate containing both calcium and
magnesium, the EDTA combines first with calcium. Calcium
can be determined with EDTA when the pH of the sample is
sufficiently high that magnesium is precipitated as the
hydroxide, and when an indicator specific for calcium is
used. Several indicators will give color changes when all of
the calcium has been complexed by EDTA at a pH of 12-13.
An end point obscured by dark organic components can be
remedied by oxidizing with a reagent such as sodium
hypochlorite.

A.1.2 EQUIPMENT
The following equipment is needed to measure calcium:

a. EDTA solution (Versenate) (CAS #139-33-3): 0.01
molar, EDTA: disodium (ethylenediamine) tetraacetate dihy-
drate standardized (1 cubic centimeter = 1000 miligrams per
liter CaCO3, 1 cubic centimeter = 400 milligrams per liter
calcium).
b. Calcium buffer solution: IN sodium hydroxide (NaOH)
(CAS #1310-73-2).
c. Calcium indicator: Calver* II or hydroxy naphthol blue
(CAS #63451-35-4).
d. Acetic acid: glacial (CAS #64-19-7).
CAUTION: Avoid skin contact.
e. Titration vessel: 150-cubic centimeter beaker,
f. Serological (graduated) pipettes (TD): two 10-cubic centi-
meter and one 1-cubic centimeter.
g. Volumetric pipettes (TD): one 1-cubic centimeter, one 2-
cubic centimeter, and one 5-cubic centimeter.
h. Hot plate (required if the filtrate is colored).
i. Masking agent: 1:1:2 mixture by volume of triethanola-
mine: tetraethylenepentamine: deionized water (optional).
j. pH paper.
k. Graduated cylinder (TC): 50-cubic centimeter.
1. Sodium hypochlorite solution: 5.25 percent sodium
hypochlorite in deionized water (i.e., Clorox* or equivalent).
CAUTION: Many brands contain calcium hypochlorite or
oxalic acid and should not be used. Be sure the sodium
hypochlorite is fresh as it will deteriorate with time.
m. Deionized or distilled water.

Note: The deionized water and sodium hypochlorite solution should be tested
for calcium by using 50.0 cubic centimeters of the deionized water as
described in A. 1.3, Item f and 10 cubic centimeters of the hypochlorite noted
in A.1 .3, Item b, without the test sample, and continuing with the steps in
A.I.3, Items g and h. If the procedure is then repeated with the test sample
utilizing 50.0 cubic centimeters of the deionized water and 10 cubic centime-
ters of the hypochlorite noted in A. 1 .3, Items f, g, and h, the calcium of the
test sample can be determined by subtracting the calcium of the deionized
water and hypochlorite.

A.1.3 PROCEDURE
Proceed as follows to measure calcium:

a. With a volumetric pipette, add 1.0 cubic centimeter or
more of the sample to a 150-cubic centimeter beaker. This
sample volume will be used in the calculation shown in A.1.4.
If the filtrate is colorless or is only slightly colored, omit steps
A. 1.3, Items b through e.
b. With serological pipette, add 10 cubic centimeters
hypochlorite solution and mix.
c. With serological pipette, add 1 cubic centimeter glacial
acetic acid and mix.
d. Boil the sample for five minutes. Maintain the sample by
adding deionized water as required during boiling. Boiling is
required to remove excess chlorine. The absence of chlorine
can be verified by immersing a strip of pH paper in the sam-
ple. If the paper is bleached white, continued boiling is
required. A sufficiently boiled sample will show a pH of 5.0.
CAUTION: Work in an adequately ventilated area.
e. Cool the sample and wash the sides of the beaker with
deionized water.
f. Dilute the sample to approximately 50 cubic centimeters
with deionized water. Add 10 cubic centimeters to 15 cubic
centimeters of NaOH buffer solution, or sufficient NaOH to
produce a pH of 12-13.
Note: The presence of soluble iron may interfere with the endpoint determi-
nation. If Oils is suspected, a mixture of triethanolamine:tetraethylenepen-
Iamine:water ( 1 : 1 :2 by volume, respectively) is a suitable masking agent.
Add 1.0 cubic centimeters of the mixture after A. 1.3, Item f.
g. Add sufficient calcium indicator (0.1 grams to 0.2 grams)
to produce a pink to wine-red color if calcium is present. Too
much indicator will obscure the endpoint.
Note: The addition of several drops of methyl orange along with the calcium
indicator may improve the visibility of the endpoint.
h. While stirring, titrate with standard EDTA to the proper
endpoint. Calcium indicators will produce a red-to-blue
change. The endpoint is best described as that point where
additional EDTA produces no further red-to-blue color change.
The EDTA volume will be used in the calculation in. A. 1.4.

25
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A.1.4 CALCULATION
400 (EDTA volume, cm3)

volume sample, cm3Calcium, mg/L =

A.2 Magnesium
A.2.1 DESCRIPTION

The magnesium content of the mud filtrate can be calcu-
lated by subtracting the calcium ion content from the total
hardness. This gives the magnesium content in terms of cal-
cium, which is converted to magnesium by multiplying the
value by the ratio of atomic weights (24.3/40 = 0.6).
A.2.2 PROCEDURE

Proceed as follows:
a. Determine the total hardness as calcium (see 10.4.3
through 10.4.4).
b. Determine the calcium content (see A. 1.1 through A. 1.4).
A.2.3 CALCULATION

Magnesium, mg/L = (0.6) (Total Hardness, mg/L-
Calcium, mg/L)

A.3 Calcium Sulfate
A.3.1 DESCRIPTION
. The calcium sulfate content of mud is determined by using

the EDTA method as described in A. 1.1 through A.1.4 to
determine the total calcium in a mud filtrate and the whole
mud. The total and undissolved calcium sulfate contents of
the mud can then be calculated.
A.3.2 EQUIPMENT

The following equipment is needed to test for calcium sul-
fate:
a. EDTA solution (Versenate): 0.01 molar EDTA: disodium
(ethylenediamine) tetraacetate dihydrate standardized, (1
cubic centimeter = 1000 milligrams per liter CaCO3, 1 cubiccentimeter = 400 milligrams per liter Ca-2) (CAS #139-33-3).
b. Buffer solution: IN sodium hydroxide (NaOH) (CAS
#1310-73-2).
c. Calcium indicator: Calver* II or equivalent, or hydroxy
naphthol blue (CAS #63451-35-44).
d. Acetic acid: glacial (CAS #64-19-7).
CAUTION: Avoid skin contact.
e. Titration vessel: 150-cubic centimeter beaker.
f. Serological (graduated) pipettes (TD): two 10-cubic centi-
meter and one 1-cubic centimeter.
g. Volumetric pipettes (TD): one 1-cubic centimeter, one 2-
cubic centimeter, one 5-cubic centimeter, one 10-cubic centi-
meter.

h. Hot plate (required, if filtrate is colored).
i. Masking agent: 1:1:2 mixture by volume of triethanola-
mine:tetraethylenepentamine:deionized water (optional).
j. pH paper.
k. Graduated cylinder (TC): 50-cubic centimeter.
1. Mud retort, as described in Section 10.
m. Sodium hypochlorite solution: 5.25 percent sodium
hypochlorite in deionized water (in other words, Clorox* or
equivalent).
CAUTION: Many brands contain calcium hypochlorite or
oxalic acid and should not be used. Be sure the sodium
hypochlorite is fresh as it will deteriorate with time.
n. Deionized or distilled water.
Note: The deionized water and sodium hypochlorite solution should be tested
for calcium by using 10.0 cubic centimeters of the deionized water men-
tioned in A.3.3, Item a, and 10 cubic centimeters of the hypochlorite also
listed in A.3.3, Item a, without the test sample, and continuing with Items a
through Items c. If the procedure is then repeated with the test sample utiliz-
ing 10.0 cubic centimeters of the deionized water and 10 cubic centimeters of
the sodium hypochlorite listed in A.3.3, Items a, b, and c, the calcium of the
test sample can be determined by subtracting the calcium of the deionized
water and sodium hypochlorite.

A.3.3 PROCEDURE
This procedure should be followed to determine calcium

sulfate:
a. Add 5 cubic centimeters of whole mud to 245 cubic centi-
meters of deionized water. Stir the mixture for 15 minutes and
filter it through a standard API filter press. Collect only clear
filtrate. Into a 150-cubic centimeter beaker, add 10 cubic cen-
timeters of clear filtrate with the 10-cubic centimeter volu-
metric pipette and titrate to the EDTA endpoint as described
in A. 1.1 through A.1 .4. Call this volume of EDTA V,.
b. Titrate 1 cubic centimeter of the original mud filtrate
(obtained as described in 5.1 through 5.3) to the EDTA end-
point. Call this volume of EDTA V,.
c. Retort the mud. Determine the volume fraction of water in
the mud, Fw by using the value for volume percent water
from the liquid and solids determination and the following
equation:

_ Volume percent waterw ~ 100
A.3.4 CALCULATION

The calcium sulfate content of the mud in pounds per bar-
rel is calculated by using the following equation:

Total calcium sulfate, Ib/bbl = 2.38(V t)The (excess) undissolved calcium sulfate content of the
mud in pounds per barrel may be calculated by using the sub-
sequent equation:
Excess calcium sulfate, Ib/bbl = 2.38(V t)-0.48(V fFw)
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A.4 Formaldehyde
A.4.1 DESCRIPTION

This procedure is for the determination of the paraformal-
dehyde content of the drilling fluid. Sodium sulfite is reacted
with a filtrate sample (neutralized to a phenolphthalein end-
point) which is then titrated with the acid to the phenolphtha-
lein endpoint again. A blank must be run to subtract the
contribution to alkalinity attributable to sodium sulfite. The
difference in two titrations is the amount of paraformalde-
hyde present in the drilling fluid.

A.4.2 EQUIPMENT
The following equipment is needed:

a. Phenolphthalein indicator: 1 gram per 100 cubic centime-
ters of 50 percent alcohol/water (CAS #518-51-4).
b. Sodium hydroxide solution: 0.02 normal (N/50) (CAS
#1310-73-2).
c. Sulfuric acid solution: 0.02 normal (N/50) (CAS #7664-
93-9).
d. Sodium sulfite solution: 4 grams per 100 cubic centimeters
of distilled water (CAS #7757-83-7).
Note: This solution deteriorates rapidly. If older than 30 days, it should be
replaced with a fresh solution.
e. Titration vessel: a test tube or a casserole dish.
f. Serological (graduated) pipette (TD): 10-cubic centimeter,
g. Volumetric pipettes (TD): one 1-cubic centimeter and one
3-cubic centimeter.
A.4.3 PROCEDURE

Follow this procedure:
a. Pipette 3 cubic centimeters of the mud filtrate into the cas-
serole or test tube. Add 2 drops of phenolphthalein indicator
solution. If the sample remains colorless, add sodium hydrox-
ide solution drop-by-drop, with agitation, until a faint pink
color develops. Then add sulfuric acid drop-by-drop to dispel
the color.
b. If, upon the first addition of phenolphthalein, the filtrate
becomes colored, add sulfuric acid dropwise until the color is
just dispelled.
c. To the neutralized filtrate, add 1 cubic centimeter of
sodium sulfite solution; a red color will develop.
d. After approximately 30 seconds, titrate with sulfuric
acid until the sample is a very faint pink. Record the amount
of acid used in cubic centimeters. This is the amount of sul-
furic acid which will be used for the calculation, and noted
as V,.
e. Repeat the foregoing steps in Items c through d using dis-
tilled water instead of mud filtrate. Record the amount of acid
used in cubic centimeters. This will be used for the calcula-
tion in A.4.4, and noted as Vb.

A.4.4 CALCULATION
Formaldehyde content, Ib/bbl = (0.07)(V, Vb)

A.5 Sulfide
A.5.1 DESCRIPTION

The concentration of soluble sulfides in a drilling fluid can
be determined by this method. Soluble sulfides include H2Sand the sulfide (S~2) and bisulfide (HS~) ions. Mud filtrate is
acidified in a Garrett gas train, converting all sulfides to H2S,
which is evolved by bubbling an inert carrier gas through the
sample. The gas train separates the gas from the liquid. The
gas stream is passed through a Drager tube which responds to
H2S by darkening along its length. The darkened length is
proportional to the total sulfide in the mud filtrate. The low-
range Drager tube turns from white to brownish-black, and
the high-range Drager tube turns from pale blue to jet-black.
No common mud contaminant will cause these color
changes.

Lead-acetate paper disks can be accommodated in the Gar-
rett gas train to determine the presence or absence of sulfide.
If the presence of sulfide is indicated by a darkening of the
lead-acetate paper, a Drager tube should be used for quantita-
tive analysis.

A.5.2 EQUIPMENT
The following equipment is needed:

a. The Garrett gas train apparatus, as shown in Figure A-l,
consists of the following: a transparent plastic gas train, an
inert gas supply and pressure regulator, a floating-ball flow-
meter, and a Drager tube. Specifications of the Garrett gas
train is as follows:

Body:
Chamber 1:

D e p t h . . . . . . . . . . . . . . . 3.54 inches (90 millimeters)
Diameter . . . . . . . . . . . . 1 .52 inches (38 millimeters)

Chambers 2 & 3:
D e p t h . . . . . . . . . . . . . . . 3.54 inches (90 millimeters)
Diameter . . . . . . . . . . . . 1 . 18 inches (30 milligrams)

Passages between chambers:
Diameter . . . . . . . . . . . . . 0.08 inch (2.0 millimeters)

Material:
Lucite* or equivalent transparent material or glass
that is inert to acid, sulfides, and hydrogen sulfide gas.

Dispersion Tube:
Stem:

Diameter . . . . . . . . . . 0 .3 15 inch (8.0 millimeters)
L e n g t h . . . . . . . . . . . . . . approximately 5.9 inches

( 150 millimeters)
Dispersion frit: (bell-shaped ASTM 4-5.5 fine):

D i a m e t e r . . . . . . . . . . 1 . 18 inches (30 millimeters)
Pyrex* or equivalent glass.
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Flow meter: floating ball-type preferred, capable of mea-
suring 300 cubic centimeters per minute of CO2 gas.Flexible tubing: type that is inert to hydrogen sulfide and
carrier gas. Latex rubber or Tygon® plastic or equivalent is
preferred.

Fittings and rigid tubing: type that is inert to hydrogen sul-
fide and acid.
b. Carrier gas: type that is inert to hydrogen sulfide, acid, and
Drager tube reagents. Nitrogen is preferred, but carbon diox-
ide is acceptable. (Avoid air or other oxygen-containing
gases.)
c. Drager H2S analysis tubes:1. Low range: marked H2S 100/a (No. CH-291-01) .

2. High range: marked H2S 0.2 percent/A (No. CH-281-
01).

d. Lead-acetate paper disk (see the Note on A.5.3, Item p).
e. Sulfuric acid (CAS #7664-93-9): approximately 5N,
reagent grade.
f. Defoamer in a dropper bottle.
g. Hypodermic syringes: one 10-cubic centimeter (for acid),
and one 2.5-cubic centimeter, one 5-cubic centimeter and one
10-cubic centimeter (for a sample).
h. Hypodermic needles: two 1.5-inch (38-millimeter) 21-
gauge needles.
A.5.3 PROCEDURE

Follow this procedure:
a. Be sure the gas train is clean and dry and on a level sur-
face, with the top removed.
Note: Moisture in the train can cause the ball in the flowmeter to float errati-
cally and may affect the accuracy of the Drager tube reading.
b. Add 20 cubic centimeters of deionized water to Chamber 1.
c. Add 5 drops defoamer to Chamber 1.
d. See Table A-l for the sample volume and type of Drager
tube required for the expected sulfide range. Select the proper
type Drager tube. Break the tip from each end of the tube.
e. Install the Drager tube with the arrow pointing downward
into the bored receptacle. Likewise, install the flowmeter tube
with the word TOP upward. Be sure the o-rings seal around
the body of each tube.
f. Install the top on the gas train and hand-tighten all screws
evenly to seal the o-rings.
g. With the regulator backed off, connect the carrier gas to
the dispersion tube of Chamber 1 using flexible tubing. If a
CO2 cartridge is used, install and puncture the cartridge andconnect it to the dispersion tube as shown in Figure A-l.
h. Attach the flexible tubing from Chamber 3 outlet to the
Drager tube, as shown in Figure A-l.
Note: Use only latex rubber or inert plastic tubing. Do not clamp the flexible
tubing; undamped tubing provides pressure relief in the event of over pres-
surization.

i. Adjust the dispersion tube in Chamber 1 to approximately
'/4 inch (5 millimeters) above the bottom,
j. Gently flow the carrier gas for a 30-second period to purge
air from the system. Check for leaks. Shut off the carrier gas.
k. Collect a sufficient volume of solids-free filtrate for analy-
sis. (If a low concentration of soluble sulfides is to be
detected, a large volume of filtrate is required. Use Table A-1
as a guide.)
1. Inject a measured volume of the solids-free filtrate sample
into Chamber 1 through the rubber septum, using a hypoder-
mic syringe and needle.
m. Slowly inject 10 cubic centimeters of sulfuric acid solution
into Chamber 1 through the rubber septum using the hypoder-
mic syringe and needle.
n. Immediately restart the carrier gas flow. The flow rate
should be maintained between 200 cubic centimeters and 400
cubic centimeters per minute.
Note: One CO2 cartridge should provide about 15 minutes to 20 minutes of
flow at this rate.
o. Observe changes in the appearance of the Drager tube.
Note and record the maximum darkened length (in units
marked on the tube) before the front starts to smear. Continue
flowing for a total of 15 minutes even though the front may
attain a diffuse and feathery coloration. In the high-range
tube, an orange color (caused by SO2) may appear ahead of
the black front if sulfites are present in the sample. The
orange SO2 region should be ignored when recording dark-
ened length.
Note: For best Drager-tube accuracy, the darkened length should fill more
than half the tube's length; therefore, the filtrate sample volume must be care-
fully selected.
p. A lead-acetate paper disk fitted under the o-ring of Cham-
ber 3 can be substituted for the Drager tube in the gas train.
The lead-acetate paper will show qualitatively the presence or
absence of sulfides in the sample. A dark discoloration of the
paper is a positive indication of sulfides. After the positive
indication, the Drager tube should be used on a separate sam-
ple for quantitative analysis.
q. To clean the gas train, remove the flexible tubing and
remove the top. Take the Drager tube and flow-meter out of
the receptacles, and plug the holes with stoppers to keep them
dry. Wash out the chambers with warm water and mild deter-
gent, using a soft brush. Use a pipe cleaner to clean the pas-
sages between the chambers. Wash, rinse, and blow-out the
dispersion tube with a dry gas. Rinse the unit with deionized
water and allow it to drain dry.

A.5.4 CALCULATION
Using the measured sample volume, the Drager tube's max-

imum darkened length, and the tube factor from Table A-l,
calculate the sulfide in the sample:
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Figure A-1—Analysis of Soluble Sulfides
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Table A-1—DragerTube or Equivalent, Identification,
Sample Volumes, and Tube Factors to Be Used for

Various Sulfide Ranges

Sulfide Range
(mg/L)
1.2-24
2.4-48
4.8-96

60-1020
120-2040
240-4080

Sample Volume
(cm3)

10.0
5.0
2.5

10.0
5.0
2.5

DragerTube
Identification
(see tube body)

H2S 100/a
H2S 100/a
H2S 100/a

H2S 0.2%/A
H2S 0.2%/A
H2S 0.2%/A

Tube Factor
(used in calculation)

0.12'
0.12s

0.12"
1500b

1500"
1500"

'A tube factor of 0.12 applies to new tubes, H2S 100/a (Catalog No. CH-291-
01), with a scale from 100 to 2000. For old tubes with 1-20 scale, use a tube
factor of 12.bA tube factor of 1500 applies to new tubes, H2S 0.2 percent/A (Catalog No.
CH-281-01), with a scale from 0.2 to 7.0. For old tubes with 1-17 cubic cen-
timeters scale, use tube factor 600 times ratio: batch factor/0.40.

o ,fj n (Darkened Length) (Tube Factor)Sulfide, mg/L = *————————-————5———-(Sample Volume, cm )
Note: Calculate darkened length in units marked on the rube.

A.6 Carbonate
A.6.1 DESCRIPTION

The concentration of soluble carbonates in a drilling-
fluid filtrate can be determined by this method. Total solu-
ble carbonates include C02 and the carbonate (CO3-

2) and
bicarbonate (HCO3

-) ions. Mud filtrate is acidified in a
Garrett gas train, converting all carbonates to CO2, which
is then evolved by bubbling an inert carrier gas through
the sample. The gas train separates the gas from the liq-
uid. The gas stream is collected in a one-liter gas bag (to
allow CO2 to mix uniformly) and subsequently drawn
through a Dra'ger tube at a fixed flow rate. The Dra'ger tube
responds to CO2 by progressively staining purple along itslength. A reaction between CO2 and a hydrazine chemical
causes a crystal violet indicator to turn purple. The stain
length is proportional to the total carbonate concentration
in the filtrate.

A.6.2 EQUIPMENT
The following equipment should be used:

a. Garrett gas train apparatus, as shown in Figure A-2,
consisting of a transparent plastic gas train, an inert gas
supply and pressure regulator, a floating-ball flowmeter,
and a Dra'ger tube. Specifications of the Garrett gas train:

Body:
Chamber 1:

Depth . . . . . . . . . . . . . . 3 . 5 4 inches (90 millimeters)
D i a m e t e r . . . . . . . . . . . . 1.52 inches (38 millimeters)

Chambers 2 & 3:
Depth . . . . . . . . . . . . . . 3 . 5 4 inches (90 millimeters)
D i a m e t e r . . . . . . . . . . . . 1 . 18 inches (30 millimeters)

Passages between chambers:
D i a m e t e r . . . . . . . . . . . . . 0.08 inch (2.0 millimeters)

Material:
Lucite® or equivalent transparent material or glass
which is inert to acid, carbonates, and carbon dioxide
gas.

Dispersion tube:
Stem:

D i am e t e r . . . . . . . . . . . . 0.315 inch (8.0 millimeters)
L e n g t h . . . . . . . . . . . . . . . . approximately 5.9 inches

(150 millimeters)
Dispersion f r i t : . . . . . . (bell-shaped ASTM 4-5.5 fine)

D i am e t e r . . . . . . . . . . . . 1 . 18 inches (30 millimeters)
Pyrex* or equivalent glass.

Flexible tubing: type that is inert to carbon dioxide and car-
rier gas. Latex rubber or Tygon* plastic or equivalent is pre-
ferred.

Fittings and rigid tubing: type that is inert to carbon diox-
ide and acid.
b. Carrier gas: nitrogen (N2) bottle with low-pressure regula-
tor (preferred), or N2O gas cartridges (for example, WHIP-
PETS #561241 by Walter Kidde and Company Inc.,
Belleville, New Jersey) or equivalent.
CAUTION: Nitrous oxide cartridges should not be used as
pressure sources for high-temperature, high-pressure (HTHP)
filtration. Under temperature and pressure, nitrous oxide can
detonate in the presence of grease, oil or carbonaceous mate-
rials. Nitrous oxide cartridges are to be used only for a Garrett
gas train carbonate analysis.
c. Dra'ger CO2O analysis tube: marked C02 0.01 percent/a
(No. CH-308-01).
d. Dra'ger one-liter ALCOTEST gas bag No. 7626425 or
equivalent.
e. Dra'ger MULTIGAS DETECTOR hand-operated vacuum
pump Model 31 or equivalent.
f. Stopcock (2-way bore), 8-millimeter glass with Teflon®
plug.
g. Sulfuric acid (CAS #7664-93-9): approximately 5N,
reagent grade.
h. Defoamer in a dropper bottle.
i. Hypodermic syringes: one 10-cubic centimeter (for acid)
and one 1.0-cubic centimeter, one 5-cubic centimeter, and
one 10-cubic centimeter (for a sample).
j. Hypodermic needles: two 1.5-inch (38-millimeter) 21-
gauge needles.
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Figure A-2 Step 1—Freeing Carbonates as CO2 Gas

v.

Note: Nitrogen is preferred over N,O as the carrier gas. Because NjO cools
upon expansion and chills the diaphragm in the regulator, prolonged N,O
flow will cause the regulator to perform erratically.

A.6.3 PROCEDURE
Follow this procedure:

a. Be sure that the gas train is clean and dry and on a level
surface, with the top removed.
Note: If CO2 has been used as the carrier gas in the previous test (in otherwords, sulfide analysis), the regulator, tubing, and dispersion tube should be
purged with carrier gas at this time.
b. Add 20 cubic centimeters deionized water to Chamber 1.
c. Add 5 drops of defoamer to Chamber 1.
d. Install the top on the gas train and hand-tighten evenly to
seal all of the o-rings.
e. Adjust the dispersion tube to approximately 0.25 inch (5
millimeters) off the bottom.
f. With the regulator backed off, connect the carrier gas supply
to the glass dispersion tube of Chamber 1, using flexible tubing.
g. Flow carrier gas through the train for one minute to purge
air from the system. Check for leaks in the gas train unit.
h. Fully collapse the gas bag and simultaneously check the
system for leaks. To do this, connect the gas bag and stopcock
to the hand pump, as shown in Figure A-3. (Use a discarded
Drager tube as the connection, and start with the bag essen-
tially empty.) Fully depress and release the hand pump. When
the bag is completely empty and free of leaks, the pump will
remain depressed for several minutes. If leakage is detected,
check the pump and all connections. To check the pump
alone, insert a sealed Drager tube into the pump opening and
depress the bellows. It will remain depressed if the pump
does not leak.

i. With the bag fully collapsed, install flexible tubing from
the stopcock and bag onto the outlet of Chamber 3, as seen in
Figure A-2.
j. Inject a measured volume of solids-free filtrate into Cham-
ber 1 through the septum, using a hypodermic syringe and
needle. See Table A-2.
k. Slowly inject 10 cubic centimeters sulfuric acid solution
into Chamber 1 through the rubber septum using a clean
syringe and needle. Gently shake the gas train to mix the acid
with the sample in Chamber 1.
1. Open the stopcock on the gas bag. Restart the gas flow and
allow the gas bag to fill steadily during .a 10-minute interval.
When the bag is firm to the touch (do not burst it), shut off the
flow and close the stopcock. Immediately proceed to the next
step.
m. Break the tip off each end of the Drager tube,
n. Remove the tubing from the Chamber 3 outlet and rein-
stall it onto the upstream end of the Drager tube. (Observe
that an arrow on the tube indicates gas flow direction.) Attach
the Drager hand pump to the downstream end of the Drager
tube, as shown in Figure A-3.
o. Open the stopcock on the bag. With steady hand-pressure,
fully depress the hand pump. Release the pump so that the
gas flows out of the bag and through the Drager tube. Oper-
ate the pump and count the strokes until the bag is empty.
(Ten strokes should empty the bag. More than ten strokes
indicates leakage has occurred, and the test results will not
be correct.)
p. Observe a purple stain on the Drager tube if CO2 is presentin the gas bag, and record the stain length in units marked on
the Drager tube. (Include the faint blue tinge in the purple
stain length reading.)
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Figure A-3 Step 2—Analyzing CO2 With DragerTube Analysis of Soluble Carbonate
Note: For best Draper tube accuracy, the stain length should fill more than
half the tube length; therefore, the sample volume must be carefully
selected.
q. To clean the gas train, remove the flexible tubing and
remove the top. Using a brush, wash out the chambers with
warm water and mild detergent. Use a pipe cleaner to clean the
passages between the chambers. Wash, rinse, and then blow out
the dispersion tube with dry gas. Rinse the unit with deionized
water and allow it to drain dry. Be sure to periodically replace
the disposable gas bag to avoid leaks and contamination in the
bag. (Bag replacement is suggested after ten analyses.)
A.6.4 CALCULATION

Using the measured sample volume, the Dra'ger tube stain
length, and tube factor of 2.5 (see Table A-2), calculate total
soluble carbonates (C02 + CCy2 + HCCy) in the filtrate sam-
ple using this equation:

,, , _ 2.5 (Stain Length)Carbonate, mg/L = ——-——————*—'—Sample Volume, cm
A.7 Potassium Above 5000 Milligrams

per Liter
A.7.1 DESCRIPTION

Potassium ion is used in drilling fluids to aid in the stabili-
zation of shales and to control swelling clays. The accurate
determination of the potassium ion content is necessary to
control the properties of the drilling fluid. This procedure is
used to measure the potassium ion content in mud filtrates at
levels above 5000 milligrams per liter or 3.5 pounds per bar-
rel KCl. Potassium is precipitated in a centrifuge tube as the

perchlorate salt, and then the precipitate volume is mea-
sured. The potassium ion content is read from a prepared
standard curve.

A.7.2 EQUIPMENT
The following equipment should be used:

a. Sodium perchlorate solution (CAS #7601-89-0): 150.0
grams NaClO4/100 cubic centimeters distilled water.
Note: Sodium and potassium perchlorates are explosive in the dry state if
healed or if in contact with organic reducing agents. The perchlorates are not
hazardous if kept wet. They will decompose harmlessly in water.
b. Standard potassium chloride solution (CAS #7447-40-7):
14.0 grams KCl made up to 100 cubic centimeters with
deionized or distilled water.
c. Centrifuge, horizontal-swing rotor head (manual or elec-
tric) capable of producing approximately 1800 revolutions
per minute (see Figure A-4).
Note: A fairly constant 1800 revolutions per minute can be obtained with a
manual centrifuge as follows:

1. Determine the number of revolutions of the rotor per each turn of the
crank; in other words, move the crank very slowly and count the number
of revolutions of the rotor head during one turn of the crank. For exam-
ple, 15 revolutions of the rotor per one turn of the crank.
2. Calculate the number of crank turns required to obtain 1800 revolu-
tions of the rotor head. In the example, to obtain 1800 revolutions of the
head would require 120 turns of the crank (1800/15). Thus the crank
must be turned 120 times in one minute to obtain the rate of 1800 revolu-
tions per minute. At this rate, in 5 seconds the handle must be turned 10
times (120/60) (5). By counting the crank turns in 5 seconds and adjust-
ing the rate to obtain the required number of turns, a constant 1800 revo-
lutions per minute should be obtained in 15 seconds to 20 seconds. The
interval used to adjust to the 1800 revolutions per minute should be
included in the centrifuge time of the sample.
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Table A-2—DragerTube or Equivalent, Identification,
Sample Volumes, and Tube Factors to Be Used for

Various Carbonate Ranges
Carbonate
Range
(mg/L)

25-750
50-150
250-7500

Sample Volume
(cm3)
10.0
5.0
2.5

DrSgerTube
Identification
(see tube body)

CO2 100/a
CO2 100/a
CO2 100/a

Tube Factor
(used in calculation)

2.51

2.51

2.5*
•A tube factor of 2.5 applies to new tubes, CO2 100/a (Catalog No. 8101811 ) .
with a scale from 100 to 3000. For old tubes with 0.01 to 0.3 percent scale,
use a tube factor of 25,000.

d. Clinical centrifuge tube: 10-cubic centimeter Kolmer
type (do not substitute), for example, Corning #8360 (see
Figure A-5).
e. Volumetric pipettes (TD): one 0.5-cubic centimeter, one
1.5-cubic centimeter, one 2.5-cubic centimeter, and one 3-
cubic centimeter.
f. Hypodermic syringe or serological (graduated) pipette
(TD): 10-cubic centimeter.
g. Distilled or deionized water.

A.7.3 PROCEDURE—STANDARD CALIBRATION
CURVE

A standard calibration curve is required for each type of
centrifuge. A minimum of three points (3.5 pounds per barrel,
10.5 pounds per barrel, and 17.5 pounds per barrel KC1) is
required to obtain an accurate graph.
a. Samples can be prepared by using the standard potassium
chloride solution (0.5 cubic centimeters of standard potas-
sium chloride solution is equivalent to 3.5 pounds per barrel
KC1). To obtain 3.5 pounds per barrel, 10.5 pounds per barrel,
and 17.5 pounds per barrel KC1, use 0.5 cubic centimeter, 1.5
cubic centimeters, and 2.5 cubic centimeters of the standard
potassium chloride solution, respectively.
b. Dilute the sample to the 7.0-cubic centimeter mark with
distilled water and agitate.
c. Add 3.0 cubic centimeters of standard sodium perchlorate
solution. Do not agitate.
d. Centrifuge at a constant speed (approximately 1800 revo-
lutions per minute) for one minute and read the precipitate
volume immediately.
CAUTION: Counterbalance the centrifuge tube with another
tube and liquid of the same weight.
e. Clean the centrifuge tube immediately after use to facili-
tate ease of cleaning.
f. Plot the volume of precipitate (cubic centimeters) versus
potassium chloride content (pounds per barrel) on rectangular
graph paper as shown in Figure A-6.

Figure A-4—Manual Centrifuge With Horizontal-Swing
Rotor Head

Figure A-5—10-cm3 Clinical Centrifuge Tube
Kolmer Type

A.7.4 PROCEDURE —SAMPLE TESTING
Follow this procedure to perform sample testing:

a. Measure the appropriate volume of filtrate into the centri-
fuge tube (see Table A-3 for range).
b. Dilute to 7.0 cubic centimeters if necessary with distilled
water, and agitate.
c. Add 3.0 cubic centimeters of standard sodium perchlorate
solution. (Do not agitate.) If potassium is present, precipita-
tion occurs at once.
d. Centrifuge at constant speed (approximately 1800 revolu-
tions per minute) for one minute. Read the precipitate volume
immediately and then record it.
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Figure A-6—Example Plot Calibration Curve for Potassium Chloride

Note: Counterbalance the centrifuge tube with another tube and liquid of the
same weight.
e. Add 2 drops to 3 drops of the sodium perchlorate solution
to the tube. If precipitate still forms, the total amount of
potassium was not measured. (See Table A-3 and use the
next smaller filtrate volume. Repeat the steps in Items a
through e.)
f. Determine the potassium chloride concentration by com-
paring the precipitate volume measured with the standard cal-
ibration curve as prepared in A.7.3. Report the potassium
concentration as pounds per barrel KCI (kilograms per cubic
meter). The potassium concentration may also be reported as
milligrams per liter potassium ion. If the filtrate potassium
chloride concentration from the standard calibration curve
exceeds an 18-pounds per barrel reading, accuracy of the
results is reduced. For more accurate results, use the next
smaller filtrate volume as noted in Table A-3, and repeat the
steps in A.7.4, Items a through e.
A.7.5 CALCULATION

The following calculations apply:

KCI in filtrate, Ib/bbl =
7

cm filtrate used (value from standard curve)

1C in filtrate, mg/L = 1500 (KCI in filtrate, Ib/bbl)

A.8 Potassium Below 5000 Milligrams
per Liter

A.8.1 DESCRIPTION
This procedure is used to measure the potassium ion con-

tent in mud filtrates at levels below 5000 milligrams per liter.
Potassium ion is precipitated as the tetraphenylborate salt by
adding an excess of standard sodium tetraphenylborate
(STPB) solution. The unreacted STPB is then determined by
titration with a quaternary ammonium salt (QAS), hexadecyl-
trimethyl ammonium bromide, using bromophenol blue as an
indicator. The endpoint is a purple-blue to light-blue color
change. The potassium ion concentration in the sample is cal-
culated by subtracting the amount of unreacted STPB from
the amount of STPB originally added to the sample.
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Table A-S—Filtrate Volumes to Be Used at
Various KCI Concentrations

Table A-4—Filtrate Volumes to Be Used
at Low KCI Concentrations

Concentration
Range
KCI

Ob/bbl)
3.5-18
18-35
35-70
over 70

K+

(mg/L)
5,250-27,000

27,000-52,500
52,500-105,000
over 105,000

Filtrate Volume
to Use
(cm3)

7.0
3.5
2.0
1.0

A.8.2 EQUIPMENT
The following equipment is needed:

a. Standard sodium tetraphenylborate solution (STPB) (CAS
#143-66-8): 8.754 grams in 800 cubic centimeters deionized
water. Add 10 grams to 12 grams aluminum hydroxide, stir
10 minutes, and filter it. Add 2 cubic centimeters of 20 per-
cent NaOH solution to the filtrate, and dilute it to one liter
with deionized water.
b. Quaternary ammonium salt solution (QAS) (CAS #57-09-
0): 1 . 165 grams hexadecyltrimethyl ammonium bromide/500
cubic centimeters deionized water.
c. Sodium hydroxide solution (CAS #1310-73-2): 20 grams
per 80 cubic centimeters deionized water,
d. Bromophenol blue indicator (CAS #115-39-9): 0.04 gram
tetrabromophenolsulfonphthalein/3 cubic centimeters 0.1N
NaOH. Dilute it to 100 cubic centimeters with deionized water.
e. Deionized or distilled water.
f. Serological (graduated) pipettes (TD): one 2-cubic centi-
meter graduated in 0.01-cubic centimeter subdivisions, two 5-
cubic centimeter and two 10-cubic centimeter.
g. Graduated cylinders: two 25-cubic centimeter (TD) and
two 100-cubic centimeter (TC).
h. Beakers: two 250-cubic centimeter.
i. Funnel,
j. Filter paper.
A.8.3 PROCEDURE

Follow this procedure:
a. Place the proper amount of filtrate into a 100-cubic centime-
ter graduated cylinder, using Table A-4 to determine the sample
size. Be sure to use a pipette to measure the amount of filtrate
b. Add 4 cubic centimeters of 20 percent NaOH solution
(measured with a 5-cubic centimeter pipette), 25 cubic centi-
meters of STPB solution (measured with a 25-cubic centime-

Concentration
Range
KCI

(Ib/bbl)
0.2-1.3
1.3-2.7
2.7-6.7

K+

(mg/L)
250-2,000

2,000-4,000
4.000-10,000

Filtrate Volume
To Use
(cm3)

10.0
5.0
2.0

ter graduated cylinder), and enough deionized water to bring
the level of the solution to the 100 cubic centimeter mark.
c. Mix and allow it to stand ten minutes.
d. Filter into a 100-cubic centimeter graduated cylinder. If
the filtrate is cloudy, the solution must be refiltered.
e. Transfer 25 cubic centimeters of the above filtrate (mea-
sured with a 25-cubic centimeter graduated cylinder) into a
250-cubic centimeter beaker.
f. Add 10 drops to 15 drops of bromophenol blue indicator.
g. Titrate with QAS solution until the color changes from
purple-blue to light blue.
Note: It is important to check the concentration of QAS solution versus the
STPB solution at monthly intervals. To determine the equivalent QAS, dilute
2 cubic centimeters of the STPB solution in a titration vessel with 50 cubic
centimeters deionized water. Add 1 cubic centimeter of 20 percent NaOH
solution and 10 drops to 20 drops of the bromophenol blue indicator. Titrate
with the QAS solution until the color changes from purple-blue to light blue.

Ratio of QAS to STPB =
If the ratio is other than 4.0 ±0.5, calculate a correction fac-

tor to be used in the calculation of milligrams per liter K*.
a

Correction factor (CF) = —————;QAS, cm3

A.8.4 CALCULATION
The following calculation should be used:

„ « . , . , _ 1000 (25 - QAS, cm3)K in filtrate, mg/L = ———-———-—-—^-L-mud filtrate, cm
If a correction factor is necessary, the following applies:

,'„ filtrate, mg/L = 1000 (CM
mud filtrate, cm

KCI in filtrate, Ib/bbl = '"



APPENDIX B—SHEAR STRENGTH MEASUREMENT USING SHEAROMETERTUBE
B.1 Description

Experience has shown that some drilling muds tend to
develop excessive shear strength under static conditions,
especially at elevated temperatures. Excessive shear strength
results in high pump pressures to "break circulation," and
may, therefore, result in loss of circulation. High shear
strength may also cause difficulties in logging, perforating,
and other "down hole" operations.

The following technique can be used to determine the ten-
dency and to estimate the extent to which the mud will
develop excessive shear strength. This shear strength mea-
surement is normally made on a static heat-aged mud sample.
Aging temperatures are thus selected to be near the estimated
bottom-hole temperature of the well. Aging cells or vessels
meeting the pressure and temperature requirements for the
test are required.

B.2 Equipment
The following equipment is needed:

a. Stainless steel shearometer tube:
Length . . . . . . . . . . . . . . . 3.5 inches (89 millimeters).
Outside d i ame t e r . . . . . . . 1.4 inches (36 millimeters).
Wall thickness . . . . . . . . . 0.008 inch (0.2 millimeter).

Note: A slight outside taper on the bottom of the shear tube has been found to
improve reproducibility of the test results.
b. Platform for weights.
c. Set of gram weights.
d. Ruler, in inches.

B.3 Procedure
This procedure should be followed:

a. The shear tube and platform are placed and balanced care-
fully on the surface of the aged sample cooled to room tem-
perature. It may be necessary to shift the weights on the
platform to ensure that the tube's initial penetration into the
mud is vertical. If a crust develops on the heat-aged sample,
this crust should be gently broken before putting the shear
tube in place for the test.
b. Sufficient gram weights are placed carefully on the plat-
form to start the downward movement of the shear tube.

1S

Figure B-1 — Shear Strength Apparatus
Unless too much weight is added, the tube will stop its down-
ward travel at the point where the shear strength of the aged
mud against the surface of the tube is sufficient to support the
applied weight (see Figure B-1). It is desirable to submerge at
least one-half the length of the tube.
c. Record the total weight in grams which includes the plat-
form and weights. Measure the portion of the tube submerged
in the fluid in inches. The length of the tube submerged can
be most accurately determined by measuring the length of the
nonsubmerged portion while the tube is at its maximum pene-
tration depth. A small ruler held at the mud surface and along-
side the tube will facilitate this measurement. The length of the
tube minus the exposed length equals the submerged portion.

B.4 Calculation
The following calculation3 should be used:

Shear strength (5), lb/100 ft2 = 3 '6 1 ( + W) -0.256 A

Where:
S =
Z =
W =

L -
A =

shear strength, pounds per 100 square feet.
weight of shear tube, grams.
total shear weight, grams (sum of platform and
weights).
submerged length of shear tube, inches.
mud weight, pounds per gallon.

3 M. D. Nelson and T. E. Watkins, "High Temperature Gelation of Drilling
Fluids,"/WME Transactions, Volume 193, 1953, pp. 213-218.
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APPENDIX C—RESISTIVITY
C.1 Description

Control of the resistivity of a mud and mud filtrate may be
desirable to better evaluate formation characteristics from
electric logs.

C.2 Equipment
The following equipment should be used:

a. Direct reading resistivity meter or similar resistivity
meter. Follow the manufacturer's instructions for current
source, calibration, measurement, and calculations.
b. Calibrated resistivity cell.
c. Thermometer: 32°F to 220°F (0°C to 105°C).

C.3 Procedure
Follow this procedure:

a. Fill the clean, dry resistivity cell with freshly stirred mud
or mud filtrate.

CAUTION: No air or gas should be entrained in the sample.
b. Connect the cell to the meter.
c. Measure resistance in ohm-meters (direct reading) or
ohms (not direct reading). The meter or the manufacturer's
instructions will indicate the type of reading,
d. Measure the temperature of the sample to the nearest
degree °F (°C).
e. Clean the cell. Scrub it with a brush and detergent if neces-
sary. Rinse with distilled water and allow it to dry.

C.4 Calculation
The following calculation applies:

a. Report the mud resistivity Rm or filtrate resistivity Rmt inohm-meters to the nearest 0.01 ohm-meter,
b. Report the sample temperature in °F (°C). If the reading is
in ohms, convert it to ohm-meters as follows:

Resistance, ohm-meter = (R, ohms) (cell constant, mVm)
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APPENDIX D—PROCEDURE FOR REMOVAL OF AIR OR GASFROM MUD PRIOR TO TESTING
D.1 Description

The majority of drilling muds require no special equipment
to remove entrained air or gas prior to testing. Usually, gentle
agitation, together with a few drops of an appropriate
defoamer, are all that is necessary. Stirring with a spatula or
pouring back and forth is sufficient in most cases. When a
mud is encountered that retains air or gas after the preceding
steps have been taken, the following procedure can be taken
to deaerate the mud.
Note: If mud density is the only property desired, the pressurized fluid den-
sity balance described in 3.6.1 through 3.6.5 may be used. This unit is also
illustrated in Figure 3.

D.2 Equipment
The following equipment is needed:

a. A device that can be evacuated is necessary. The equip-
ment shown in Figure D-l is available. Follow the manufac-
turer's operating instructions.
b. Defoamer.

D.3 Procedure
Follow this procedure:

a. Fill a clean, dry reservoir about one-half full with the air-
cut mud.
b. Add several drops of defoamer to the mud surface,
c. Insert the stirrer and cap; cover with a lid that has a gasket,
d. Affix the vacuum line from the pump to the instrument
and hold it about 5 inches-of-mercury vacuum,
e. Increase the vacuum to 25 inches to 27 inches of mercury
and proceed according to the manufacturer's instructions,
f. When mud has been deaerated, partially relieve the vac-
uum to about 15 inches to 10 inches-of-mercury vacuum and
observe the mud for air bubbles.
g. If deaeration is not sufficient, repeat steps e and f until the
air is removed.
h. With the cylinder on end, relieve the vacuum completely
and remove the mud sample for testing.

Figure D-1—Instrument for Air or Gas Removal
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APPENDIX E—DRILL PIPE CORROSION RING COUPON
E.1 Description

The placement of corrosion test rings in the drill string is
one of the more common techniques used to evaluate the cor-
rosiveness of drilling-fluid environments on the drill string and
other steel equipment. Removal and examination of these
rings after a period of exposure downhole can be highly infor-
mative as to the corrosiveness of the drilling fluid, as well as to
the type of corrosion encountered. An examination of scales
and pits on the exposed rings gives clues as to the cause of the
corrosion, thus aiding in choosing proper remedial action.

The ring technique is specifically designed for detection of
the type of corrosion characterized by metal loss whether it
be localized pitting or generalized attack. The test ring is not
designed to give information relating to hydrogen embrittle-
ment, stress corrosion cracking, or other forms of fracture for-
mation except in the manner in which pitting may relate to
these failures.
E.2 Equipment

The following equipment is needed:
a. Ring construction: The ring-type drill string corrosion
coupon, or corrosion ring, should be machined to fit in the
tool box recess, at the end of the pin, and should have a bore
the same as that of the tool joint to minimize turbulence.
b. Ring composition: To avoid galvanic corrosion, the ring
should be made from steel identical to that of the tool joint in
which it is placed. Such a requirement is impractical, and use
of a steel that is similar in chemical composition, such as
AISI4130, is recommended.
Note: If steel other than AISI 4130 is used, it should be identi-
fied on the report form. The rings are normally cut from tubes
that have not been quenched and tempered. The similarity in
composition of the 4130 steel and the tool joint should be ade-
quate to minimize galvanic effects and provide useful data.
c. Ring marking: The rings should be stenciled with a serial
number for permanent identification,
d. Ring preparation: The rings should be scrubbed with a
stiff fiber bristle brush and detergent solution, rinsed with
clean water and with anhydrous acetone or methanol. The
rings should be allowed to dry, weighed to nearest milli-
gram, and this weight recorded on the report form. The ring
should be stored in a dry container, such as a desiccator, to
prevent corrosion. The corrosion rings should be shipped to
the field in sealed envelopes or wrappers to minimize atmo-
spheric corrosion.

E.3 Procedure
The drill pipe corrosion rings should be kept in the drill

string for a minimum of 40 hours. A normal time for expo-

sure is 100 hours. Exposure periods of less than 40 hours
should not be used because initial corrosion rates may be
unusually high and can give misleading data. The ring is usu-
ally placed in the tool joint at the top of the first stand above
the drill collars and can be left in the drill string for more than
one bit run. An additional ring can be placed in the kelly saver
sub to monitor corrosion at that point. Care should be taken to
ensure that the box recess is clean to prevent interference with
proper make-up of the joint and to avoid damage to the ring.
In some instances specially manufactured subs have been
used for the ring placement in the string. During installation,
the ring should be handled with clean, dry gloves.

The drill pipe corrosion coupon form should be filled out
completely. Each form should have a space for ring material,
drilling fluid properties, type of corrosion, location of ring in
the drill string, initial weight, time, depth in, depth out, ring
number, color of scale, and any other information of signifi-
cance in the specific test. The form may be printed on a mail-
ing envelope for the ring or on a separate form to be enclosed
with the ring.

The drilling-fluid residue should be removed from the cou-
pon by wiping with a cloth when the ring is pulled from the
drill string. The ring should be examined for severity of cor-
rosion or mechanical damage. If severe corrosion is evident,
the cause of the corrosion should be determined promptly so
remedial action can be taken. Following visual observation,
the coupon should be placed in the original envelope or wrap-
per containing a vapor phase corrosion inhibitor for return to
the laboratory.

Before proceeding with a quantitative evaluation of corro-
sion of the ring, the ring should be rinsed with a suitable sol-
vent, such as acetone or petroleum ether, to remove the oil
applied to the ring on location. Prior to cleaning for weighing,
a spot test should be made for corrosion by-products and min-
eral scale. For example, the surface can be examined qualita-
tively for sulfides by the acid arsenite test. The rings should
be cleaned with a detergent solution and a stiff fiber bristle
brush. It may be necessary to dip the ring for 5 seconds to 10
seconds in inhibited 10 percent to 15 percent hydrochloric
acid one or more times to remove corrosion products. The
ring should be scrubbed with the detergent solution after each
acid dip, and rinsed thoroughly with clean water and then
with anhydrous acetone or methanol. The ring should dry
prior to weighing. Very abrasive materials or strong, uninhib-
ited acids should not be used. An ultrasonic bath can be useful
in cleaning the rings.

After the preweighed drill pipe corrosion coupon has been
properly cleaned and the corrosion film and type of attack
noted, the ring should be reweighed to the nearest milligram
and the weight loss determined. If significant loss of metal
due to mechanical damage is evident, it should be noted and
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44 API RECOMMENDED PRACTICE 13B-1

taken into consideration in evaluation of the ring. The corro-
sion rate may be reported as kilograms per square meter per
year, pounds per square foot per year, or mils per year. For-
mulas for calculating for corrosion rate are given in E.5.

E.4 Comments on Visual Examination
If visual corrosion is evident, it will normally be detectable

as pitting corrosion. Uniform attack or general corrosion can
best be determined by a weight loss measurement. Mechani-
cal damage to the ring will most often be evidenced by cuts or
dents on the outer surfaces of the ring. In some cases, the ring
will exhibit a series of dents and worn spots, indicating con-
siderable movement of the ring in the box recess.

In assessing the magnitude of the corrosion rates as calcu-
lated from weight loss measurements, it should be remem-
bered that the rate is also influenced by the erosive effects of
the drilling fluid. Since the bore of the ring is exposed to the
mud pumped down the drill pipe, the loss of metal includes
that removed by erosion as well as from corrosion. Loss from
erosion can be substantial when the drilling fluid contains a
high concentration of sand.

Examination of the ring may reveal a few deep pits with a
relatively low weight loss. This condition would indicate a
rather severe corrosion problem even though the calculated
corrosion rate would be considered low.

E.5 Calculation
The following formulas apply to calculating the weight

loss (wt. loss) corrosion rate:
a. For kilograms per square meters per year (kg/mVyr):

_ rwt. loss, mglp 10,000 365
1,000,000 Jlarea, cm*'jLdays exposure!

87.60(wf. loss, mg)
area, cm*'(hours exposed ' )

13.58 (wt. loss, mg)
area, \nv(hours exposed ' )

b. For pounds per square feet per year (Ib/ftVyr):

= | (wr./ojf .mgj ir 144 If 365
453,600 J [area, in2*J [days exposure
2,781 (wt. loss, mg)

area, in*'(hours exposed )
c. For mils per year (mils/yr):

wt. loss, mg
16,387 specific gravity,[ [(area

g/cm3
(year

days/365)[cmVin3

For steel coupons with a specific gravity of 7.86, the for-
mula can be reduced to the following:

68.33 (wt. loss, mg)mils/yr = area, in2'(hours exposed )

"Total surface area of the ring is used in these calculations.
**Time used is based on total time in the drill string.

Following are the conversion rates between the various
units for steel coupons (specific gravity 7.86):

mils/yr = 24.62 (Ib/ft2/yr)
mils/yr = 5.03 (kg/m2/yr)
lb/ftVyr = 0.04 (mils/yr)
lb/ftVyr = 0.20(kg/mVyr)
kg/mVyr = 0.20 (mils/yr)
kg/m2/yr = 4.90(lb/ftVyr)

Corrosion rings available from drilling fluid service com-
panies or corrosion test laboratories are generally supplied
with a multiplication factor which includes the metal density
and surface area of the ring. Thus, the weight loss divided by
the exposure time need only be multiplied by the supplied
factor to obtain the corrosion rate.



APPENDIX F—SAMPLING, INSPECTION, AND REJECTION
F.1 Description

The following procedure is the official sampling, inspec-
tion, and rejection method for materials conforming to API
specification. It is applicable to barite, hematite, bentonite,
nontreated bentonite, attapulgite, sepiolite, technical-grade
low-viscosity carboxymethylcellulose, technical-grade high-
viscosity carboxymethylcellulose, and OCMA-grade bento-
nite and is to be used in the event of product property dispute.

F.2 Procedure—Powdered Material inPackages
The following is the procedure applying to powdered

material in packages:
a. The number of samples taken to be combined for the test
sample (see F.4) shall be 15 samples of one pound (0.45 kilo-
grams) or more per lot.
b. For each lot of 1000 packages or less, 15 packages shall be
sampled.
c. The sampling may be carried out by either of the follow-
ing methods as agreed upon by the contracting parties.

1. A sample weighing at least 1 pound (0.45 kilograms)
shall be taken from the top of each package.
2. A sampling tube, capable of taking a core not less than
1 inch (2.5 centimeters) in diameter shall be used. The
tube shall be inserted into the package being sampled so
that it will take a core of material for substantially the
entire length of the package.

F.3 Procedure—Powdered Material in Bulk
The following procedure applies to powdered material in

bulk:
a. In the collection of samples from cars or storage bins con-
taining 25 tons to 100 tons (22,700 kilograms to 90,900 kilo-
grams), a sampling tube capable of taking a core not less than
1 inch (2.5 centimeters) in diameter shall be used. The tube
shall be of sufficient length to permit taking a sample substan-
tially from the top to the bottom of the mass being sampled,
b. Fifteen samples shall be taken from each lot (each car or
bin shall be considered one lot). If the dimensions of the con-
tainer are such that the sample cannot be taken in this manner,
the sample shall be taken by a method agreed upon by the
contracting parties.
c. From bins containing less than 25 tons (22,700 kilo-
grams), at least one sample shall be taken from each container
up to lots of 10 containers, and the total number of samples
taken from each lot of 100 tons (90,900 kilograms) or less
shall be not less than 10.

F.4 Procedure—Test Sample
The following procedure applies to the test sample:

a. The samples from each lot shall be combined, mixed, and
quartered or riffled to furnish a test sample of 15 pounds (6.8
kilograms) which shall be divided into 3 equal portions,
b. Each portion shall be sealed in a suitable airtight moisture-
proof container. One sample shall be delivered to the pur-
chaser, one to the supplier, and the third sample shall be
retained for a reference test if required.

F.5 Procedure—Test Results
The following procedure applies to the test results:

a. Each party shall make one measurement on his test
sample.
b. A control or known reference standard, such as the API
Test Calibration Barite, shall be tested in the same manner, at
the same time as part of the test series. If this test result is
within the acceptable range, the test results can be considered
valid and can be reported. If it is not within the acceptable
range, the results are to be considered suspect, and the cause
found and corrected before retesting.

F.6 Procedure—Inspection
The purchaser's inspector shall be afforded, without

charge, all reasonable facilities for careful sampling and
inspection. A period of six days shall be allowed for sampling
and completion of the acceptance test.

F.7 Procedure—Rejection
Rejection of material, based on failure to pass the test pre-

scribed in the specifications, shall be reported to the supplier
immediately upon completion of the tests, and the cause for
rejection shall be stated.

F.8 Procedure—Retesting
Either of the contracting parties may make claim for retest

within one week of the date of the original test report. The
expense of the retest shall be borne by the party demanding
such retest.

Should the contracting parties be unable to reach agree-
ment, the third sample of material shall be delivered
unopened, to a mutually satisfactory referee laboratory for
tests, and the results of this referee shall be binding on both
parties.
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APPENDIX G—RIG SITE SAMPLING
G.1 Description

The following is a recommended procedure for obtaining
test samples at the rig site from specific tank-truck loads. It is
not the official procedure approved for sampling materials for
API specification testing.

Upon agreement by contracting parties, this procedure
can be used for testing the properties of material as deliv-
ered to the rig-site. It has been used on barite and weight
material with good results and should be equally applicable
to similar bulk shipments of bentonite, attapulgite, and
sepiolite.

G.2 Equipment—Bottom Flow Sampling
(Preferred)

The following equipment is needed for bottom flow sam-
pling:
a. Side-stream sampler: shown in Figure G-l.
b. Canvas bag: 5'/i inches (140 millimeters) diameter and 12
inches (300 millimeters) long.
c. Container: tie-bag or other suitable container, constructed
to retain all fines.

G.3 Procedure—Bottom Flow Sampling
(Preferred)

The following procedure is used for bottom flow sampling:
a. Connect a side-stream sampler to the truck outlet.
b. Take three 3-pound to 5-pound (1.4-kilogram to 2.3-kilo-
gram) samples while unloading, spaced so as to be taken
when approximately one-fourth, one-half, and three-fourths
of the load has been transferred.
Note: One 9-pound to 15-pound (4.1-kilogram to 6.8-kilogram) sample can
be taken with the recognition that there is a chance of obtaining a nonrepre-
sentative sample. The greatest potential for error in sampling is contamina-
tion from prior shipments of material in the same vessel. This potential error
can be minimized by following the instructions closely. Do not take samples
from the very top surface or from the very first material out of the bottom. A
second potential for error in sampling is taking material from the side-stream
sampler when the transfer hose is only partially full. This can occur when the

truck is nearly empty or material flow has been interrupted. Segregation has
been shown to occur in these instances.
c. Before each individual sample is taken, open the valve
momentarily to flush out any material trapped in the side
pipe. Tie a clean canvas bag to the sampler and fill it with one
valve-opening operation.
Note: Partial closing of the air-jet valve on the bottom outlet prior to taking
the sample often helps to get a full sack with a minimum of dusting.
d. Carefully transfer the sample from the canvas bag to a tie-
bag or other suitable container. Label this container with all
pertinent information.
e. Empty the canvas bag before taking the next sample.
Always use a clean or new canvas bag for each truck.

G.4 Equipment—Grab Sampling
The following equipment is needed for grab sampling:

a. Sample scoop: shown in Figure G-2.
1. 4 inches to 6 inches (100 millimeters to 150 millime-
ters) deep.
2. 12 inches to 18 inches (300 millimeters to 450 milli-
meters) long.

a. Container: tie-bag or other suitable container, so con-
structed as to retain all fines.

G.5 Procedure—Grab Sampling
This procedure should be followed for grab sampling:

a. Open the top hatch carefully. Do not let the cover bump
the top of the tank.
b. Remove the top surface material under the hatch to form a
trench one-and one-half times wider than the sample scoop,
c. Scoop out a 3-pound to 5-pound (1.4-kilogram to 2.3-kilo-
gram) sample from the bottom of this trench and transfer it to
a tie-bag or other suitable container. Label the container,
d. Repeat this operation at two other spots on the top of the
material near the midpoint between the middle and the ends
of the truck tank.
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4-inch cam lock fittings

2-Inch ball valve
in 2-inch side pipe

Bead or lip'
to hold bag

Draw string

SVi-inchx 12-inchcanvas bag

SIDE VIEW OF VALVE AND PIPE
Figure G-1—Side-Stream Sampling Device

Strap hinge
.s Metal can7Painter's extension handle withend piece flattened for Hinge

Figure G-2—Sample Scoop



APPENDIX H—CALIBRATION OF GLASSWARE,THERMOMETERS,
VISCOMETERS, AND MUD BALANCES

H.1 Description
This section covers calibration of field testing equipment

not covered as part of a test procedure.

H.2 Equipment
H.2.1 VOLUMETRIC GLASSWARE

Calibration of pipettes, graduated cylinders, and so forth, is
generally done by the glassware supplier and can be part of
the purchase specification. Where deemed important, glass-
ware users should obtain documented evidence of glassware
calibration from the supplier.
H.2.2 THERMOMETERS

Thermometers used in field testing, especially those com-
monly used metal dial thermometers, should be calibrated
against a standard thermometer. Thermometers should be cal-
ibrated before being put into service and then periodically,
depending on the importance of the measurement and the sta-
bility of the thermometer.
H.2.3 VISCOMETERS

Viscometers used in field testing should be calibrated
against standard viscosity fluids traceable to national stan-
dards. Viscometers should be calibrated before being put into
service, and then periodically, depending on the importance
of the measurements and the stability of the viscometer.
While in service, viscometers should be checked at least
monthly and more frequently if the viscometer indicates
instability.
H.2.4 MUD BALANCES

Mud balances should be calibrated as specified in the test
procedure using deionized water. The recommended fre-
quency is prior to each set of measurements, or as specified
by the operator, mud company, or other interested party.

H.3 Calibration Procedure—Thermometer
H.3.1 Place the thermometer to be calibrated side-by-side
with a standard thermometer into a constant temperature bath
(or suitable container of 1 gallon or more filled with water, on
a counter top in a room where temperature is relatively con-
stant) and allow to equilibrate for 30 minutes.
H.3.2 Read both thermometers and record the readings.
H.3.3 Repeat the readings at 5-minute intervals to obtain at
least four sets of readings.

H.3.4 Calculate the average reading for each thermometer.
H.3.5 For adjustable thermometers, adjust to read the same
as the standard thermometer. For other thermometers, go to
H.3.6.
H.3.6 Calculate the thermometer correction as follows:

C = Rl -R2
Where:

Rl = the average reading for the standard thermometer.
R2 = the average reading for the working thermometer.
C = the value to add to the thermometer reading.
The following are examples:

a. Example 1—thermometer correction determination:
R\ = 75.0°F
K2 = 75.5°F
C = 75.0°F 2 75.5°F = 20.5°F

or
tfl = 23.89°C
R2 = 24.\TC
C = 23.89°C 2 24.17°C = 20.28°C

b. Example 2—thermometer correction application:
C = 20.5
fl = 78.5

Re (corrected) = 78.5 1 (20.5) = 78.0°F
H.3.7 Mark and identify the thermometer with its correc-
tion and calibration date.
Note: It is not good practice to use thermometers whose correction exceeds
twice the allowable tolerance of the measurement.

H.4 Calibration Procedure—Viscometer
H.4.1 Obtain a certified calibration fluid or fluids with a
chart (viscosity versus temperature) to cover the range of
interest; for example, 50 centipoise, 100 centipoise, and so
forth. Make certain that the lot number on the chart matches
the lot number on the fluid container. Each lot of standard
fluid is individually certified. The viscosity will normally
vary slightly from lot to lot.
H.4.2 Clean and dry the viscometer bob, rotor, and cup.
Place the viscometer and fluid side-by-side on the counter
top in a room with reasonably constant temperature [< 5°F
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(< 2.7°C) per hour change.] Allow to stand at least 2 hours
to equilibrate.
CAUTION: Water will contaminate the standard fluid.
H.4.3 Operate the viscometer in air for 2 minutes to 4 min-
utes to loosen bearings and gears.
Note: If the rotor wobbles excessively, correct it if possible.
H.4.4 Fill the cup to the scribed line with calibration fluid
and place it on the meter stage. Move the stage until the fluid
level is to the inscribed line on the rotor sleeve.
HAS Place a thermometer (capable of ±0.2°F [±0.1 °C])
into the fluid and hold or tape it to prevent breakage. Operate
the viscometer at a low-speed setting until the thermometer
reading is stable to within 0.2°F (0.1 °C) per 30 seconds.
Record the temperature reading.
HAG Operate the viscometer and take readings at 600 rev-
olutions per minute and 300 revolutions per minute. Estimate
readings to the nearest 0.5 dial unit. If needed, use a magnify-
ing glass.
HA7 Using the temperature-viscosity chart supplied with
the calibration fluid, determine certified viscosity to the near-
est 0.5 centipoise. Compare the 300 revolutions per minute

dial reading to standard viscosity and record the deviation
(plus or minus). Divide the 600 revolutions per minute dial
reading by 1.98, compare that to standard viscosity, and
record the deviation.
H.4.8 Deviations exceeding 1.5 units are not acceptable. If
deviation exceeds these tolerances, adjust or calibrate the vis-
cometer.
HAS Record the viscometer serial number, date, and devi-
ation. Mark the viscometer with the date of calibration and
indication of calibration status.

H.5 Calibration Procedure—Filter Press
Gasket and O-Rings

H.5.1 Gaskets or O-rings for the low-pressure, low-temper-
ature filter press must have an inside diameter between 2.99
inches (75.8 millimeters) and 3.03 inches (76.9 millimeters).
H.5.2 Check the gasket or O-ring using a gauge having
these diameters.
H.5.3 Do not use gaskets or O-rings outside these toler-
ances for filter loss testing.
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APPENDIX 1— SI UNIT CONVERSION TABLE

Property
Mechanical Properties
Depth
Hole diameter
Pipe diameter
Bit size
Weight on bit
Rotary table speed
Nozzle size
Nozzle velocity
Drilling rate
Volume
Liner size
Rod diameter
Stroke length
Pump output
Pump pressure
Annular velocity
Slip velocity
Temperature

Funnel viscosity
Mud weight
Pressure gradient
Hydrostatic head
Shear stress
Shear rate
Apparent, plastic &
effective viscosity

Yield point
Gel strength
Dial reading
Standard V-G meter
Power law constants
n
K

API filtrate
Filter cake
Sand content)
Solids content)
Oil content)
Water content)
Particle size

Chemical Properties
Ionic Concentration

Alkalinity
Pf,M,,P\,P2
MBT
Methylene Blue
Content

Traditional
Units

feet
inch
inch
inch
pound
rpm
V32 inch
feet/sec
feet/hour
barrels
inch
inch
inch
barrel/minute
gallon/minute
pound/sq inch
feet/min.
feet/nun.
degree Fahrenheit
degree centigrade
seconds/quart
seconds/1000 cm3

pounds/gallon
pounds/ft3
psi/ft
psi
lbf/100 ft2
dynes/cm2

reciprocal second
cent! poise
lbf/100ft2
lbf/100 ft2
lbf/100 ft2
1.065

dimensionless
dynes sn/cm2

lbfs"/100ft2

cubic centimeter/
30min.

'/32 inch
volume percent

micron

grains/gallon
parts/million
cubic centimeter/
cubic centimeter
cubic centimeter/
cubic centimeter

Recommended
SI Units

meter
millimeter
millimeter
millimeter
newton
"revolutions per minute
millimeter
meter/sec
'meter/hour
cubic meter
millimeter
millimeter
millimeter
'cubic meter/min.
'cubic meter/min.
kilopascal
"meter/minute
meter/minute
degree Celsius
degree Celsius
seconds/liter
seconds/liter
kilogram/cubic meter
kilogram/cubic meter
kilopascal/meter
kilopascal
pascal
pascal
reciprocal second
'centipoise
pascal
pascal
pascal

millipascal seconds"/
square centimeter
millipascal seconds"/
square centimeter

cubic centimeter/
30min.

millimeter
cubic meter/cubic meter

micrometer

'milligram/liter
'milligram/liter
cubic centimeter/
cubic centimeter
cubic centimeter/
cubic centimeter

Symbol

m
mm
mm
mm
N
r/min.
mm
m/s
m/h
m3

mm
mm
mm
nvVmin.
mVmin.
kPa
m/min.
m/min.
•c
•c
s/L
s/L
kg/m3

kg/m3

kPa/m
kPa
Pa
Pa
s"'
cP
Pa
Pa
Pa

mPa-sVcm2

mPa-s'Vcm2

cm3/30 min.
mm
mVm3

u:m

mg/L
mg/L
cm3/cm3

cmVcm3

Conversion
Factor

Multiply by:
0.3048

25.4
25.4
25.4
4.4
1.0
0.79
0.3048
0.3048
0.159

25.4
25.4
25.4
0.159
0.00378
6.9
0.3048
0.3048
(°F-32)

1 .8
1.0

Example

10.000 ft = 3048 m
12 '/4 in. = 311 mm
4 '/2 in. = 1 14 mm
12 '/4 in. = 31 1mm
20,000 lb = 88,000 N
45 rpm = 45 r/minlo/32 in. = 7.9 mm
400 ft/sec = 122 m/s
30 ft/h = 9 m/h
3000 bbl = 477 m3

6'/iin. = 165mm
2'/4 in. = 57 mm
16 in. = 406 mm
8.5 bbl/min = 1.35 mVmin.
357 gpm = 1.35 mVmin.
2500 psi = 1 7,300 kPa
200 ft/min = 61 m/min.
20 ft/min = 6.1 m/min.
80T = 27'C

Units cannot normally be converted
1.0

120.0
16.0
22.6

6.9
0.48
0.100
1 .0

0.48
0.48
0.51

100

479

0.8
0.01

1 .0

17. 1
x specific
gravity

10 lb/gal = 1200 kg/m3

74.8 Ib/ft3 = 1200 kg/m3

0.52 psi/ft = 1 1 . 8 kPa/m
4000 psi = 27.600 kPa
20Ib/100ft2 = 960Pa
10 dynes/cm2 = 1.0 Pa

1 5 lb/ 100 ft2 = 7.2 Pa
3lb/100ft2 = 1 .44Pa
dial reading- 10 = 5.1 Pa

10 dynes s"/cm2 =
100 mPa-s7cm2

1 .21bs"/100ft2 =
575 mPa's'Vcm2

3/32 in. = 2.4 mm
10% = 0.1 m3/m3

500 grains/gal = 8600 mg/L
1 00,000 ppm of NaClx

1.0707 =107,070 mg/L

'Denotes acceptable deviation from API 2564 preferred unit.
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APPENDIX I— SI UNIT CONVERSION TABLE (Continued)

Property
Miscellaneous
Additive concentration
Corrosion rate

Bentonite yeld
Hydraulic HP
Screen size
Mesh
Aperatuie
Open Area

Weight of drill pipe
Oil Muds
Oil content)
Water content)
Emulsion stability
Activity
Salinity

Aniline point

Traditional
Units

pound/barrel
Ib/ftVyr
mils/year
barrels/US ton
horsepower
openings/inch
micron
area percent
pound/foot

volume percent
volts
dimensionless
ppm

degree Fahrenheit

Recommended
SI Units

kilogram/cubic meter
kilogram/square meter/
year

millimeter/year
'cubic meter/metric ton
kilowatt
openings/centimeter
micrometer
square meter/square
meter

kilogram/meter

cubic meter/cubic meter
volts
•milligrams/liter

degree Celsius

Symbol

kg/m3

kg/m2/yr
mm/a
m3/t
kw
openings/cm
Hm
m2/m2

kg/m

m3/m3

V
mg/L

•c

Conversion
Factor

Multiply by:
2.85
4.9
0.0254
0.175
0.746
0.254
1.0
0.01
1.49

0.01

specific
gravity

fF-32^
1.8

Example

10 lb/bbl = 28.5 kg/m3

0.9 Ib/ft2/year = 4.3 kg/m2/
year

200 mils/year = 5.08 mm/a
100bbl/ton=l7.5m3/t
600hhp = 450kw
100 mesh = 25.4 openings/cm
30% = 0.3 m2/m2

1 9.5 lb/ft = 29.1 kg/m

10% = 0.1m3/m3

250,000 ppm of CaClj
x 1. 24 = 3 10,000 mg/L

150T = 66'C

'Denotes acceptable deviation from API 2564 preferred unit.
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Addendum 1 to Standard Practice forField Testing Water-Based Drill ing Fluids
1. Delete Section 10.2 Alternative Alkalinity Method
2. Replace Tables A-l and A-2 with the following:

Table A-1—Drager Tube or Equivalent—Identification, Sample Volumes, and Tube
Factors to Be Used for Various Sulfide Ranges

Sulfide Range
(mg/L)
1.2 to 24
2.4 to 48
4.8 to 96

30 to 1050
60 to 2100
120 to 4200

Sample Volume
(cm3)
10.0
5.0
25
10.0
5.0
75

Drager Tube Identification
(See tube body)

H2S 100/a
HjS 100/a
HjS 100/a

H2S 0.2%/A
H2S 0.2%/A
H2S 0.2%/A

Tube Factor
(Used in Calculation)

(New tubes)
0.12 a

0.12'
0.1 23

1500b

1500b

1500b

*Tube factor 0.12 applies to tubes marked H2S 100/a (Cat. No. CH-291-01) with 100 to 2000 scale. For old tubes
with 1-20 scale, use a tube factor of 12.bTube factor 1500 applies to tubes marked H2S 0.2%/A (Cat. No. CH-28 1-01) with 0.2 to 7.0 scale. For old tubes
with 1- 17 cubic centimeters scale, use tube factor 600 times ratio: Batch Factor/0.40.

Table A.2 — Drager Tube or Equivalent — Identification, Sample Volumes, and Tube
Factors for Various Carbonate Ranges

Carbonate Range
(mg/L)

25 to 750
50 to 1500
100 to 3000
250 to 7500

Sample Volume
(cm3 )

10.0
5.0
75
1 .0

Drager Tube Identification
(See rube body)

CO2 100/a
CO2 100/a
C02 100/a
C02 100/a

Tube Factor
(Used in Calculation)

751

25*
25*
25*

"Tube factor 2.5 applies to tubes marked CO2 100/a (Cat. No. 8 1 0 1 8 1 1 ) with 100 to 3000 scale.

3. Insert the following Appendices J, K, and L:



APPENDIX J—HIGH-TEMPERATURE/HIGH PRESSURE FILTRATION TESTING OF WATER-BASED MUDS USING THE PERMEABILITY PLUGGING APPARATUS AND CELLS
EQUIPPED WITH SET SCREW SECURED END CAPS

J.1 Description
J.1.1 Measurements of the filtration behavior and wall
building characteristics of drilling mud are fundamental to
drilling fluid control and treatment, as are the characteristics
of the filtrate itself, such as its oil, water, or emulsion content.
J.1.2 These characteristics are affected by the types and
quantities of solids in the fluid, and by their physical and
chemical interactions. The Permeability Plugging Apparatus
(PPA) is a modified high temperature, high pressure filter
press used to evaluate these interactions through various types
of filter media at pressures up to 2000 psi (13,800 kPA) and
temperatures from ambient to as high as SOOT (260°C). Like
the standard HTHP filter press, the PPA is suitable for use in
either the field or the laboratory.

J.2 Safety Considerations
CAUTION: The pressure limitation in the use of the PPA
depends upon the sample cell in use. There are two types of
cells available: those with threaded end caps and those with
set screw secured end caps. Among them they have a total of
five different pressure ratings. For safety's sake, it is impera-
tive that the operator know the maximum operating pressure
of his equipment with certainty, and that this pressure not be
exceeded. If in doubt, contact the manufacturer, or use the
lowest of the possible limits.

On all PPAs with a threaded end cap, manufacturers have
modified the hydraulic pressurization system with a means of
pressure relief. These might be available on the earlier models
using a set screw secured end cap. This should relieve the
hydraulic pressure should it approach the sample cell maxi-
mum pressure rating. The operator of the equipment should
familiarize himself with this portion of the apparatus and
ensure that it is working properly

Safe operation of the PPA requires that the operator under-
stand and practice the correct assembly and operation of the
equipment. Improper assembly, incorrect operation, or the
use of defective parts, create the possibility of cell leakage or
failure, which could result in serious injury, or equipment
damage.

The sample cell is hot during operation. The operator
should be aware of the hot areas and avoid contact with them.
Burns can result from touching parts of the equipment during
normal operation. These instruments are electrically heated
and, as with any electrical device, if the wiring is damaged or
faulty, electrical shorts can occur and create the risk of fire,
injury and equipment damage. These devices should be used
only on grounded circuits.

Following are suggestions that must be observed to ensure
safe operation and maintenance of the PPA.
J.2.1 SAFE OPERATION OF THE HYDRAULIC

PRESSURIZATION SYSTEM
J.2.1.1 Make sure the hydraulic pressure has been released
and that the pressure gauge on the pump reads zero, before
doing the following:
a. Attempting to disconnect pressure hose from cell at quick
coupler.
b. Attempting to remove cell from heating jacket.
c. Moving the PPA.
d. Refilling the hydraulic pump.
e. Performing any maintenance, including tightening leaking
fittings on the hydraulic pump, hydraulic fittings, or cell
assembly.
J.2.1.2 After refilling or repairing the hydraulic system,
clean up any spilled oil. Oil left on floors is hazardous. Also,
accumulations of spilled oil near the PPA are fire hazards.
J.2.1.3 Make sure, when assembling the cell, that the end
cap set screws are properly aligned and tightened.
J.2.2 SAFE PNEUMATIC PRESSURIZATION OF

BACK PRESSURE RECEIVER
J.2.2.1 Always use either nitrogen or carbon dioxide to
pressurize the back pressure receiver. With silicate fluids, use
only nitrogen. Never use compressed air, oxygen, or other
non-recommended gas. If nitrogen is used it must be supplied
in an approved nitrogen gas cylinder, or the nitrogen supply
system must be built into the laboratory. Nitrogen cylinders
must be secured to meet safety standards. CO2 is normally
supplied in small, pressurized cartridges at about 900 psi
(6206 kPA). They are primarily used for field operations. Do
not allow these cartridges to be heated or exposed to fire.
They can explode if overheated.
J.2.2.2 Maintain pressure regulators and gauges in good
condition. Never use oil on pressure regulators.
J.2.2.3 Leaking pressurization systems, hydraulic or pneu-
matic, should be repaired or replaced. Gauges, fittings, and
hoses should be kept in good condition, and leaks should be
found and corrected. Periodically test the pressure relief valve
on the hydraulic pump to verify that it will function properly
should excessive pressure develop. Never plug or bypass this
safety valve.
J.2.2.4 When pressurizing the back pressure assembly,
always open the supply pressure first, then adjust the regu-
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lator. Do not attempt to operate the apparatus at pressures
in excess of the equipment rating or relief valve settings.
When relieving back pressure, shut off the supply pres-
sure, bleed the pressure from the system, then back out the
regulator T-screw.

J.2.3 SAFE HEATING
J.2.3.1 Caution must be exercised to avoid injury while
operating the PPA. It becomes hot enough to cause serious
bums. Never leave a hot-or heating-PPA unattended without
posting a warning.
J.2.3.2 The practice of removing the cell and cooling it
with water is dangerous and should be avoided. Serious inju-
ries can be caused by the steam generated when a hot cell
contacts water, by direct contact with the cell, or by acciden-
tally dropping the cell.
J.2.4 SAFE ELECTRICAL OPERATION
J.2.4.1 Make sure that the electrical source is fused and
grounded. Verify that the power cord on the heating jacket is
in good condition and that it is properly grounded.
J.2.4.2 Electrical problems in the wiring or heaters cannot
always be detected by visual inspection. The first sign of trou-
ble is often blown fuses, tripped breakers, lengthened heating
time, or erratic thermostat performance. Never begin any
electrical repairs without first disconnecting the unit from the
power source.

J.2.5 SAFE TEST CELL MAINTENANCE
The filtration cell is a pressure vessel and should be consid-

ered to be a source of potential danger. The following safety
precautions should be followed to ensure safe operation.
a. Cell material should be compatible with the test samples.
b. Never use cells that show signs of severe pitting or stress
cracking.
c. Never use cells, cell caps, or retainer rings that show any
sign of deformation, or damage. Inspect all threads carefully
for signs of damage.
d. Use only undamaged, hardened steel, set screws. Others
are unsafe.

J.3 Equipment—Permeability PluggingApparatus—Using Cells with SetScrew Secured End Caps
CAUTION: There are three different types of cells available
that use set screw secured end caps. Those of current and
recent manufacture are rated at either 2000 psi (13,800 kPA)
or 1800 psi (12,420 kPA). There are still a number of older
cells in use which are stamped "2500 psi." In 1996 the rating
on these cells was reduced to 1800 psi (12,420 kPA). Unless
the user is absolutely certain that the cell to be used is rated at

2000 psi, the 1800 psi (12,420 kPA) pressure limit must be
observed.

It is imperative that the manufacturer's recommendations
concerning maximum temperature, pressure, and sample size
be followed. Failure to do so can lead to serious injury. The
operating manual, or this procedure, should be attached to the
apparatus and read by anyone who is unfamiliar with the
equipment, before using it.

J.3.1 PERMEABILITY PLUGGING APPARATUS
The PPA is designed to provide improved static filtration

measurements. It can be operated at pressures and tempera-
tures approximating those prevailing downhole and it permits
the use of filtration media chosen to simulate exposed sands
as closely as possible. The fluid cell is inverted with the pres-
sure applied from the bottom of the cell, the filter medium on
top, and the filtrate collected from the top. The cell pressure is
applied by a small hydraulic hand pump. Pressure is trans-
ferred to the drilling fluid sample through a floating piston
within the cell. Hydraulic oil/sample contamination is pre-
vented by redundant O-ring seals on the piston.
J.3.1.1 Test pressures are limited by the safety limits of the
cell as specified by the manufacturer (See preceding Cau-
tion); usually either 1800 or 2000 psi (12,420 or 13,800 kPA)
at some defined temperature. If back pressure is used in the
test, the test pressure may have to be reduced to avoid exceed-
ing the pressure limit of the cell.
Note: Cell damage caused by excessive pressure can be categorized
as follows: end cap bending, end cap compression, cylinder shear,
and cylinder stress. End cap bending can be detected visually or by
measurement. End cap compression can be detected by the distor-
tion of the set screw holes or seats, which become oval rather than
round. Caps showing signs of damage must not be used and should
be discarded. Cell bodies that show signs of stress cracking or seri-
ous pitting, or have damaged set screw holes, must not be used.
J.3.1.2 For temperatures above 200°F (93°C), the back
pressure receiver must be pressurized to prevent boiling of the
filtrate. The standard back pressure receiver uses a CO2 pres-surizing source to provide the back pressure. A nitrogen pres-
sure source and a nitrogen manifold may be substituted for
the CO2 when desired.
J.3.1.3 The PPA cell is encased in a thermostatically con-
trolled aluminum chamber during heating and filtration. This
chamber completely encloses the filtering area, permitting fil-
tration at any desired temperature from ambient to 500°F
(260°C). The cell temperature can be measured using a metal
stem thermometer. Insert the thermometer into the well in the
cell wall. The temperature is adjusted by means of a knob on
the thermostat. The dial has a reference scale of I to 10. After
the desired temperature is obtained once, it can be repeated
by setting the thermostat knob to the same reference setting.
The standard cells for the PPA filter press are made of stain-
less steel. Power consumption for the PPA heating jacket is
800 watts.
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J.3.2 FILTER MEDIUM
J.3.2.1 The PPA can use any one of a number of filtration
media, including porous ceramic or sintered metal disks, core
samples, and beds of coated or uncoated sand. Ceramic disks
are available with permeabilities ranging from 100 mD to 100
D. The use of media that simulate exposed sand faces,
together with the use of relevant test pressures and tempera-
tures, provide the user with a greatly improved picture of
what is happening downhole.
J.3.2.2 The filter medium can be any porous material such
as ceramic, sintered metal, or resin-coated sand disks, graded
sands, or core samples. Standard disk thickness is 0.25 in.
(6.4 mm) but, with adapters, thicker disks can be used. A new
disk is required for each test. Disks should be soaked in the
base fluid for five to ten minutes before use. Vacuum satura-
tion should be used for filter media with low porosity and per-
meability.
J.3.2.3 Other disk types are available, including Berea
Sand cores of different porosities and permeabilities. The user
should note that these cores, too, have some variability in
porosity and permeability, and that this can affect the repeat-
ability of test results. Cores can be cut to fit the apparatus cyl-
inder and are usually 0.25 in. (6.4 mm) thick. With
modification of the cylinder, 1.00 in. (25.4 mm) cores can
also be used.
J.3.2.4 Resin coated sand can be made into a solid disk,
selecting the sand size to provide the desired permeability.
The sand should be heated at 300°F (149°C) for 1-3 hours in
molds slightly larger than the normal disk size, and either
0.25 or 1.00 in. (6.4 or 25.4 mm) thick. The molds should be
coated with silicone grease prior to heating. Resin coated
sand disks can be manufactured to provide a substantial varia-
tion in pore throat size and permeability by varying the mesh
sizes of the sands. Coarser sands can be used to provide a fil-
ter medium for testing lost circulation material to be used to
control seepage losses to severe fluid loss environments.
J.3.2.5 Sintered metal disks or slotted metal disks can be
used to simulate fractures or high permeability formations. In
the evaluation of seepage loss material needed to seal off a
specific formation, the disk pore throat size should be
matched with that of the formation.
J.3.2.6 Sand beds can be used as a filtering medium if the
PPA cell is oriented with the filter at the bottom of the cell.
For greater repeatability in the height of the sand bed, first
determine the desired height of the bed, and then weigh the
amount of sand necessary to obtain that height. The sand bed
should be saturated with the base fluid before the test. If the
user desires to run the test in the standard manner, with the fil-
ter medium at the top of the cell, resin coated sand can be
placed in the cell, heated for 1-3 hours at 300°F (149°C),
cooled, and then inverted for the test.

J.3.2.7 There is unavoidable variability in the pore throat
sizes of the ceramic disks normally used in these tests. Conse-
quently, when running comparative tests, it is recommended
that the disks be tested and classified to achieve as much uni-
formity as possible. The manufacturers run a quality control
test for a disk classification and can, upon request, provide the
user the mean pore throat diameter and an average porosity.
The user can use a simple flow test with water to further clas-
sify the disk
Note: Procedure for ceramic disk comparison—Install disk in a
PPA cell and fill the cell with water. Using the air permeability
equipment, with the upper cell valve closed, adjust the pressure on
30 psi test gauge to 4.0 to 4.5 psi. Open the valve on top of the cell
and adjust pressure to 2.0 psi ±0.1 psi. After opening valve at the
bottom of the cell, readjust pressure with the upper valve to 2.0 psi
±0.1 psi. Measure time for 300 ml to pass through using a 500 ml
graduated cylinder; timing from the 100 ml mark to the 400 ml
mark. If the PPT (Permeability Plugging Test) is to be used for
comparison purposes, run several disks, classify the disks, and use
those of similar values.
J.3.3 Timer. 30-minute interval.
J.3.4 Thermometer: up to 500°F (260°C).
J.3.5 Graduated cylinder (TC): 25 ml or 50 ml.
J.3.6 High speed mixer.

J.4 Procedure—High Temperature, HighPressure
J.4.1 PREHEATING THE HEATING JACKET

Connect the power cord to the proper voltage as indicated
on the nameplate. Turn the thermostat to the mid-scale and
place a metal stem dial thermometer in the thermometer well
of the heating jacket. The pilot light will turn on when the
heating jacket temperature has reached the thermostat setting.
Readjust the thermostat to 10°F (5.6°C) over the desired test
temperature.

J.4.2 LOADING THE FILTRATION CELL
WARNING: The filtration cell is a pressure vessel. The fol-
lowing safety precautions should be followed to ensure safe
operation: The cell material should be resistant to the test
sample. Cell bodies that show signs of stress cracking or
severe pitting, must not be used. Use only undamaged, hard-
ened steel, set screws. The use of damaged, or common, mild
steel, set screws is hazardous.

As received from the manufacturer, the PPA is equipped
with valves that are rated to 500°F (260°C). Should it become
necessary to change any valves during the life of this equip-
ment, it is imperative that the replacements be designed and
rated for use at 500°F (260°C) or more.
J.4.2.1 Loosen the set screws securing the end caps,
then remove the caps from the cell by pulling them straight
out, using the nipples and connected hardware as handles.
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If the cap is stuck, and cannot be freed by rocking it gen-
tly, screw the cell cap removal tool into the seat for the
nipple and press downward on the handle to remove it.
Then unscrew the nipples from the caps and remove the
piston from the cell.
J.4.2.2 Check the O-rings on the nipples, the floating
piston, the cell body, and the end caps, and replace any
that are damaged or brittle. [All O-rings should be
replaced routinely after tests at temperatures above 300°F,
(149°C)J. Apply a thin coating of stopcock grease com-
pletely around all of the O-rings being especially careful
to ensure that those on the piston are well lubricated.
Screw the floating piston onto the T-bar wrench and install
the piston into the bottom of the cell, working it up and
down to ensure that it moves freely. (The bottom of the
cell, the inlet end, has a shorter recess than the top.) Posi-
tion the piston so that is at or near the bottom end of the
cell, then unscrew the wrench from the piston.
J.4.2.3 Fill the space above the piston with hydraulic oil
to just above the end face.
J.4.2.4 Install the hydraulic end cap onto the bottom of
the cell: Push in on the back pressure ball on the nipple of
the end cap on the pressure inlet end of the cell to relieve
the pressure and allow the cap to slide into the cell more
easily. Insiall and tighten the set screws.
Note: Some oil will flow from the threaded hole in the end cap, indi-
cating thai IK) air is trapped between the piston and the end cap.
J.4.2.5 Connect the bottom nipple assembly to the pump
hose, and pump enough hydraulic oil to expel all air from the
nipple. Then, being careful not to allow any oil to spill from
the nipple, connect the nipple assembly to the bottom cell cap
and disconnect the pump hose.
Note: The steps that follow can be accomplished in the jacket that is
being preheated, in an unheated jacket—if one is available—or in a
specially constructed stand.
Nole: For improved consistency in test results, stir mud for five min-
utes immediately before loading the cell.
J.4.2.6 Turn the cell upright and fill with approximately
275 ml of mud. This allows for expansion while heating. Do
not exceed this amount.
J.4.2.7 Reconnect the pump hose to the quick-connect
coupling on the nipple at the bottom of the cell and close the
pressure valve on the pump. Operate the pump to raise the
level of the fluid sample to the O-ring recess.
J.4.2.8 Install the O-ring and set the selected ceramic disk,
or other filtering medium, on top of it.
Note: The disk should be soaked in water for at least five minutes
immediately before use. Disks should never be reused.
J.4.2.9 Position the top end cap in the cell, tighten the set
screws snugly, and close the valve on the top end cap

CAUTION: Thermal expansion of its contents, and of the
hydraulic fluid, will cause cell pressure to increase rapidly
when a closed cell is placed in a hot heating jacket. When a
cell at room temperature is placed in a hot jacket, the pump
must be connected quickly to permit the release of hydraulic
fluid to prevent over-pressurization. During heating, the pres-
sure in the cell must be controlled by bleeding off the excess
periodically.
J.4.2.10 Unless it was installed at step J.4.2.6 above,
install the cell in the heating jacket. Make sure that the cell
support has been pulled outward using the handle, then insert
the cell assembly and rotate it so that the pin in the bottom of
the heating jacket seats into the hole in the bottom of the cell
body. This prevents rotation of the cell.
J.4.3 PRESSURIZING THE CELL
Note: Filtration at temperatures above the boiling point of the fluid
sample requires the use of the back pressure receiver to prevent
vaporization of the filtrate. It also requires that the sample be pres-
surized to prevent it from boiling.
WARNING: When the closed cell is placed in the hot heating
jacket, the pressure in the cell will begin to rise rapidly due to
thermal expansion of the sample and the hydraulic fluid. The
pump must be connected quickly to allow release of hydrau-
lic oil to prevent over-pressurization. During heating, the
pressure in the cell must be reduced periodically.
J.4.3.1 Refer to Table J.I for the pressure corresponding to
the test temperature, and use the hydraulic pump to apply this
pressure to the cell. If a manually operated pump is used, it
should always be operated at about one stroke per second.
J.4.3.2 While the cell is heating, use the following proce-
dure to prepare the back pressure receiver.
a. Check to ensure that the regulator T-screw has been
rotated counterclockwise enough to enough to release all
pressure. When the pressure has been released the screw will
turn freely.
b. Open the pressure release valve to relieve any remaining
pressure and remove the CO2 cartridge barrel from the pres-
sure unit. Dispose of the empty cartridge, replace it with a
new one, and tighten the barrel enough to puncture the car-
tridge. Do not adjust the regulator at this time,
c. Verify that the pressure release valve on the CO2 assembly
and the filtrate drain valve are closed,
d. Set the back pressure assembly aside. It will be installed at
Step J.4.3.4.
J.4.3.3 Monitor the cell temperature with the thermometer
in the well in the cell wall, not the well in the heating jacket.
When the cell reaches the desired temperature, lower the ther-
mostat to reduce the jacket temperature to the test tempera-
ture. Hold the cell at the desired temperature until thermal
expansion is complete and the cell pressure stops increasing.
This can take as long as an hour.
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J.4.3.4 With the cell is at the desired temperature and cell
pressure stabilized, mount the back pressure receiver on the
upper valve adapter and secure it with a retaining pin, then
install the CO2 pressurizing unit on top of the receiver andlock it in place with the other retaining pin.
J.4.3.5 If a drain hose is to be used for the filtrate, connect
it from the drain valve to the graduated cylinder receiving the
filtrate.
Note: To ensure accurate measurements, the space between the fil-
tration medium and the back pressure receiver outlet, and the
receiver valve, must be filled with the base fluid before starting the
test. This will ensure that the fluid passing through the filter dis-
places an equal volume of fluid to the receiver. Failure to follow this
corrective procedure can introduce significant error.
J.4.3.6 Refer to Table J.I to determine the appropriate
pressure for the back pressure receiver, and apply it by turn-
ing the T-screw on the pressure regulator until the desired
pressure is reached.
J.4.3.7 Actuate the pump to raise the cell pressure to the
desired level, then open the valve between the cell and the
back pressure receiver to start the test.
Note: The differential filtration pressure is the difference between
the pressure applied to the cell and that maintained on the back pres-
sure receiver.

Table J.1—Starting Cell Pressures and Back-
Pressures for Various Test Temperatures
Temperature Range, °F Healing Pressure or Back

Pressure, psi
Less than 200

200-300
301-350
351-375
376-400
401^125
426-450
451-475
476-500

0
100
150
200
250
350
450
550
700

Note: Nitrogen manifolds having a 600 psi gauge
for back-pressure need to be modified to attain the
700 psi. However, tests are possible within the lim-
its of the manifolds.

J.4.4 CONDUCTING THE FILTRATION TEST
J.4.4.1 A laboratory timer should be used and filtrate should
be collected—and its volume recorded—at 1,15 and 30 min-
utes. Plotting this data against the square root of time provides
a useful description of the spurt loss. If desired, samples can be
taken more frequently, but none should be taken before one
minute. Precisely recorded test times and volumes are neces-
sary for accurate calculation of the filtration parameters.
Note: For improved definition of spurt loss, collect filtrate at 1, 5,
7.5, 15, 25 and 30 minute, and plot cumulative filtrate volumes vs.
the square root of time.

J.4.4.2 Begin filtration by opening the valve between the
cell and the back pressure receiver. Verify that both the cell
pressure, as indicated on the pump gauge, and the back pres-
sure are at desired levels. Adjust them as necessary through-
out the test.
J.4.4.3 Cell pressure can be expected to decrease slightly
as filtration reduces the cell contents, and from any leakage at
the pump. The pump should be used as necessary to maintain
the pressure at the desired level. If a manually operated pump
is used, it should be operated at about one stroke per second.
J.4.4.4 After each interval, the filtrate should be drained
into the graduated cylinder from the back pressure receiver,
and the time and cumulative volume should be recorded.
Note: It is recommended that the filtrate be recovered directly from
the back pressure receiver, not from a drain hose attached to it. If a
hose must be used, its length should be minimized to reduce the
error caused by liquid retention on its internal surface.
J.4.4.5 After 30 minutes, close the filtrate valve and drain
all of the filtrate from the back pressure receiver into the grad-
uated cylinder. The total volume of filtrate in the graduated
cylinder should be recorded.

J.5 Test Conclusion and Disassembly
J.5.1 Disconnect the heating jacket from the power source.
CAUTION: The temperature of the sample in the cell must be
reduced to below 100°F (37.8°C) before the cell can safely be
opened.
J.5.2 The pressurized cell assembly should be allowed to
cool in the heating jacket. (See above.) When these tests are
run with sufficient frequency to justify it, a cooling stand, sta-
tion, or bath can be provided to expedite the cooling process.
There is a cell handling tool available which should be used
any time a hot cell is to be handled.
Note: Extreme care must be exercised in cooling hot cells. This pro-
cedure, as recommended, makes it difficult to perform more than
one test in an eight hour work day with a single PPA. In the interest
of improving productivity, users may want to design their own cell
cooling procedures and equipment. Safety must be the primary con-
sideration in these designs.
J.5.3 Close the valve between the cell and the back pres-
sure receiver.
J.5.4 Release the pressure on the pump and cell by opening
the pump valve, then disconnect the quick coupler between
the pump and the nipple adapter on the bottom of the cell.
J.5.5 Release the back pressure by turning the T-screw on
the regulator counter-clockwise until it turns freely.
J.5.6 Bleed the pressure from the back pressure receiver by
opening the pressure relief valve on the CC>2 unit.
J.5.7 Open the drain valve on the back pressure receiver and
collect the last few drops of filtrate in the graduated cylinder.
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J.5.8 After removing the locking pin securing it, remove
the CO2 assembly from the top nipple adapter.
J.5.9 After removing its locking pin, remove the back pres-
sure receiver.
J.5.10 The cell may be opened after its contents have been
allowed to cool.
CAUTION: If there are indications that the cell is still pressur-
ized, and the lower end cap does not include a screen, the fol-
lowing procedure can be used to determine the position of the
floating piston. Remove the quick-connect assembly from the
bottom end cap of the cell and insert a small drill bit or wire
through the end cap to determine whether the floating piston
is at the bottom. If the piston is NOT at the bottom, there is no
pressure. If the piston is at the bottom, there could be pressure
remaining in the cell. Reconnect the hydraulic pump and
pump several strokes to move the piston. If the cell is pressur-
ized, it will be obvious from the force required to move the
piston.

If there are indications that pressure remains in the cell,
completely remove the filtration valve assembly from the cell
and insert a small drill bit or wire into the cell cap to remove
the obstruction. The drill or wire will stop when it contacts
the filter disk. Make sure that gloves are worn and that the
opening is pointed away from the operator when inserting the
bit or wire. The cell should be opened only when the user is
confident that the contents are no longer under pressure.
Note: The cell may be raised in the heating jacket and placed on the
cell support, or laid on a bench, while it is being opened.
J.5.11 Loosen the six set screws securing the end cap and,
using the valve and nipple adapter as a handle, pull the cap
from the cell. If it is stuck, a rocking motion of the valve and
nipple adapter may free it. If it cannot be freed in this manner,
unscrew the valve and nipple adapter, install the cap removal
tool in its place, and use it to remove the cap.
J.5.12 The end cap must be removed with the cell in the
vertical position and the filtration end of the cell facing
upwards.
J.5.13 Remove the filter disk. Use a small knife, small screw-
driver, or similar thin-bladed tool to pry the edge of the disk up,
then remove the disk and the filter cake. If required, wash the fil-
ter cake lightly with make-up water, then measure and record its
thickness and remarks concerning its composition.
J.5.14 Dispose of the remaining mud and wash the cell
with fresh water. It is usually not necessary to remove the
floating piston and the bottom end cap unless the last test was
run at 300°F (!49°C) or higher.
Note: If testing was conducted at temperatures above 300"F
(149°C), the O-rings must be replaced. Perform the following three
steps to replace the O-rings on the floating piston and the bottom end
cap.

J.5.15 Remove the bottom end cap using the procedure
outlined in section J5.ll.
J.5.16 Remove the floating piston. Screw the T-bar wrench
into the floating piston and push or pull to slide the piston out
of either end of the cell. Note that the floating piston can be
removed through the top end without removal of the bottom
end cap. Remove and dispose of all of the O-rings on the pis-
ton and the cap.
J.5.17 Clean the parts for re-use.
J.6 Data Reporting
J.6.1 FILTRATE REPORTING

Report the actual cumulative filtrate volume, in ml, col-
lected through each of the selected time periods.
J.6.2 SPURT LOSS

The Spurt Loss is the volume of fluid that passes through
the filtration medium before a filter cake is formed. It can be
depicted by the intercept, on the y-axis, of the straight line
representing the static filtration rate, when the square root of
filtration time is plotted along the x-axis, and the filtrate vol-
ume (doubled to correct for filtration area when using 3 5 in2

filtration media) is plotted along the y-axis. Alternatively, an
approximate value can be calculated using the equation
which follows.
Note: To define the spurt loss more accurately, collect and record the
filtrate more frequently and plot the data as described in the NOTE
following Section J.4.4.1.
J.6.3 CALCULATIONS
Where:
EV is the effluent volume (filtrate) in ml using 3.3.5 in2 disk.
EV7 5 is the filtrate volume in ml after 7.5 minutes.
EV30 is the filtrate in ml after 30 minutes.
PPT Value, ml = 2 x EV30

Spurt Loss, ml = 2 x [EV7^ - (EV30 - EV7^)]
Static Filtration Rate, Rs = 2 x [(EV30 - EV7 5)J / 2.739
Note: Observe that all three of these parameters are calculated on the
basis of filtrate volume corrected for filtration area. The filter media
routinely used in these tests have half the filtration area of that used
in the standard API low pressure filtration test. Doubling the filtrate
volume compensates for this area difference. The constant, 2, can be
modified as necessary to accommodate tests made utilizing other fil-
tration areas.
J.6.4 FILTER CAKE REPORTING

Measure and record the filter cake thickness to the nearest
/32 in. (0.8 mm). Include a description such as hard, soft,
tough, flexible, rubbery, firm, etc. Although these are neces-
sarily subjective judgements, they can convey important
information.



APPENDIX K—HIGH-TEMPERATURE/HIGH PRESSURE FILTRATION TESTING OF WATER-BASED MUDS USING THE PERMEABILITY PLUGGING APPARATUS AND CELLSEQUIPPED WITH THREADED END CAPS

K.1 Description
K.1.1 Measurements of the filtration behavior and wall
building characteristics of drilling mud are fundamental to
drilling fluid control and treatment, as are the characteristics
of the filtrate itself, such as its oil, water, or emulsion content.
K.1.2 These characteristics are affected by the types and
quantities of solids in the fluid, and by their physical and
chemical interactions. The Permeability Plugging Apparatus
(PPA) is a modified high temperature, high pressure filter
press used to evaluate these interactions through various types
of filter media at pressures as high as 5000 psi (34,500 kPA)
and temperatures from ambient to SOOT (260°C). Like the
standard HTHP filter press, the PPA is suitable for use in
either the field or the laboratory.

K.2 Safety Considerations
CAUTION: The pressure limitation in the use of the PPA
depends upon the sample cell in use. There are two types of
cells available: those with threaded end caps and those with
set screw secured end caps. Among them they have a total of
five different pressure ratings. For safety's sake, it is impera-
tive that the operator know the maximum operating pressure
of his equipment with certainty, and that this pressure not be
exceeded. If in doubt, contact the manufacturer, or use the
lowest of the possible limits.

On all PPAs with a threaded end cap, manufacturers have
modified the hydraulic pressurization system with a means of
pressure relief. These might be available on the earlier models
using a set screw secured end cap. This should relieve the
hydraulic pressure should it approach the sample cell maxi-
mum pressure rating. The operator of the equipment should
familiarize himself with this portion of the apparatus and
ensure that it is working properly

Safe operation of the PPA requires that the operator under-
stand and practice the correct assembly and operation of the
equipment. Improper assembly, incorrect operation, or the
use of defective parts, create the possibility of cell leakage or
failure, which could result in serious injury or equipment
damage.

The sample cell is hot during operation. The operator must
be aware of the hot areas and avoid contact with them. Bums
can result from touching parts of the equipment during nor-
mal operation. These instruments are electrically heated and,
as with any electrical device, if the wiring is damaged or
faulty, electrical shorts can occur and create the risk of fire,
injury, and equipment damage. These devices should be used
only on grounded circuits.

Following are suggestions that must be observed to ensure
safe operation and maintenance of the PPA.
K.2.1 SAFE OPERATION OF THE HYDRAULIC

PRESSURIZATION SYSTEM
K.2.1.1 Make sure the hydraulic pressure has been released
and that the pressure gauge on the pump reads zero, before
doing the following:
a. Attempting to disconnect pressure hose from cell at quick
coupler.
b. Attempting to remove cell from heating jacket.
c. Moving the PPA.
d. Refilling the hydraulic pump.
e. Performing any maintenance, including tightening leaking
fittings on the hydraulic pump, hydraulic fittings, or cell
assembly.
K.2.1.2 After refilling or repairing the hydraulic system,
clean up any spilled oil. Oil left on floors is hazardous. Also,
accumulations of spilled oil near the PPA are fire hazards.
K2.1.3 Make sure, when assembling the cell, that the O-
rings in the end caps are properly seated.
K.2.2 SAFE PNEUMATIC PRESSURIZATION OF

BACK PRESSURE RECEIVER
K.2.2.1 Always use either nitrogen or carbon dioxide to
pressurize the back pressure receiver. With silicate fluids, use
only nitrogen. Never use compressed air, oxygen, or other
non-recommended gas. If nitrogen is used it must be supplied
in an approved nitrogen gas cylinder, or the nitrogen supply
system must be built into the laboratory. Nitrogen cylinders
must be secured to meet safety standards. CO2 is normally
supplied in small, pressurized cartridges at about 900 psi
(6206 kPA). They are primarily used for field operations. Do
not allow these cartridges to be heated or exposed to fire.
They can explode if overheated.
K.2.2.2 Maintain pressure regulators and gauges in good
condition. Never use oil on pressure regulators.
K.2.2.3 Leaking pressurization systems, hydraulic or pneu-
matic, should be repaired or replaced. Gauges, fittings, and
hoses should be kept in good condition, and leaks should be
found and corrected. Periodically test the pressure relief valve
on the hydraulic pump to verify that it will function properly
should excessive pressure develop. Never plug or bypass this
safety valve.
K.2.2.4 When pressurizing the back pressure assembly,
always open the supply pressure first, then adjust the regula-
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tor. Do not attempt to operate the apparatus at pressures in
excess of the equipment rating or relief valve settings. When
relieving back pressure, shut off the supply pressure, bleed the
pressure from the system, then back out the regulator T-screw.
K.2.3 SAFE HEATING
K.2.3.1 Caution must be exercised to avoid injury while
operating the PPA. It becomes hot enough to cause serious
burns. Never leave a hot-or heating-PPA unattended without
posting a warning.
K.2.3.2 The practice of removing the cell and cooling it
with water is dangerous and should be avoided. Serious inju-
ries can be caused by the steam generated when a hot cell
contacts water, by direct contact with the cell, or by acciden-
tally dropping the cell.
K.2.A SAFE ELECTRICAL OPERATION
K.2.4.1 Make sure that the electrical source is fused and
grounded. Verify that the power cord on the heating jacket is
in good condition and that it is properly grounded.
K.2.4.2 Electrical problems in the wiring or heaters cannot
always be detected by visual inspection. The first sign of trou-
ble is often blown fuses, tripped breakers, lengthened heating
time, or erratic thermostat performance. Never begin any
electrical repairs without first disconnecting the unit from the
power source.

K.2.5 SAFE TEST CELL MAINTENANCE
The liliration cell is a pressure vessel and should be consid-

ered to be a source of potential danger. The following safety
precautions should be followed to ensure safe operation.
a. Cell material should be compatible with the test samples,
b. Never use cells bodies that show signs of severe pitting or
stress cracking.
c. Never use cells, cell caps, or retainer rings that show any
sign of deformation or damage. Inspect all threads carefully
for signs of damage.

K.3 Equipment—Permeability PluggingApparatus—Using Cells withThreaded End Caps
CAUTION: There are two manufacturers of PPAs. Both use
threaded end caps for the cells used for tests run at pressures
in excess of 2000 psi (13,800 kPA). There are threaded caps
with three different pressure ratings available: 3000, 4000,
and 5000 psi (20,700,27,600, and 34,500 kPA respectively).
It is imperative that the manufacturer's recommendations
concerning maximum temperature, pressure, and sample size
be followed. Failure to observe these limitations can lead to
serious injury. The Operating Manual, or this procedure,

should be attached to the apparatus and read by anyone who
is unfamiliar with the equipment before using it. If the user is
unable to determine the operating limits with certainty, the
lower pressure limit should be assumed to be applicable.

As received from the manufacturer, the PPA will be
equipped with valves that are rated to 500°F. Should it
become necessary to change any valves during the life of this
equipment, it is imperative that the replacements be designed
and rated for use at 500°F or more.

K.3.1 PERMEABILITY PLUGGING APPARATUS
The PPA is designed to provide improved static filtration

measurements. It can be operated at pressures and tempera-
tures approximating those prevailing downhole and it permits
the use of filtration media chosen to simulate exposed sands
as closely as possible. The fluid cell is inverted with the pres-
sure applied from the bottom of the cell, the filter medium on
top, and the filtrate collected from the top. The cell pressure is
applied by a small hydraulic hand pump. Pressure is trans-
ferred to the drilling fluid sample through a floating piston
within the cell. Hydraulic oil/sample contamination is pre-
vented by redundant O-ring seals on the piston.
K.3.1.1 Test pressures are limited by the safety limits of
the cell as specified by the manufacturer; usually 3000,4000,
or 5000 psi (20,700, or 27,600, or 34,500 kPA) at 500°F
(260°C). The back pressure receiver may be used at pressures
as high as 750 psi (5171 kPa). If back pressure is used in the
test, the test pressure may have to be reduced to avoid exceed-
ing the pressure limit of the cell.
K.3.1.2 For temperatures above 200°F (93°C), the back
pressure receiver must be pressurized to prevent boiling of the
filtrate. The standard back pressure receiver uses a CO2 pres-
surizing source to provide the back pressure. A nitrogen pres-
sure source and a nitrogen manifold may be substituted for
the CO2 when desired.
K.3.1.3 The PPA cell is encased in a thermostatically con-
trolled aluminum chamber during heating and filtration. This
chamber completely encloses the filtering area, permitting fil-
tration at any desired temperature from ambient to 500°F
(260°C). The cell temperature can be measured using a metal
stem thermometer inserted into the well in the cell wall. The
temperature is adjusted by means of a knob on the thermostat.
The dial has a reference scale of 1 to 10. After the desired
temperature is obtained once, it can be repeated by setting the
thermostat knob to the same reference setting. The standard
cells for the PPA filter press are made of stainless steel. Power
consumption for the PPA heating jacket is 800 watts.

The PPA can be used either in the field or in a laboratory
environment. A stainless steel carrying case with fold down
working shelf is available for convenience in field operations.
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K.3.2 FILTER MEDIUM
K.3.2.1 The PPA can use any one of a number of filtration
media, including porous ceramic or sintered metal disks, core
samples, and beds of coated or uncoated sand. Ceramic disks
are available with permeabilities ranging from 100 millidar-
cies to 100 darcies. The use of media that simulate exposed
sand faces, together with the use of relevant test pressures and
temperatures, provide the user with a greatly improved pic-
ture of what is happening downhole.
K.3.2.2 The filter medium can be any porous material such
as ceramic, sintered metal, or resin-coated sand disks, graded
sands, or core samples. Standard disk thickness is 0.25 in.
(6.4 mm) but, with adapters, thicker disks can be used. A new
disk is required for each test. Disks should be soaked in the
base fluid for five to ten minutes before use. Vacuum satura-
tion should be used for filter media with low porosity and per-
meability.
K.3.2.3 Other disk types are available, including Berea
Sand cores of different porosities and permeabilities. The user
should note that these cores, too, have some variability in
porosity and permeability, and that this can affect the repeat-
ability of test results. Cores can be cut to fit the apparatus cyl-
inder and are usually 0.25 in. (6.4 mm) thick. With
modification of the cylinder, 1.00 in. (25.4 mm) cores can
also be used.
K.3.2.4 Resin coated sand can be made into a solid disk,
selecting the sand size to provide the desired permeability.
The sand should be heated at 300°F (149°C) for 1-3 hours in
molds slightly larger than the normal disk size, and either
0.25 or 1.00 in. (6.4 or 25.4 mm) thick. The molds should be
coated with silicone grease prior to heating. Resin coated
sand disks can be manufactured to provide a substantial varia-
tion in pore throat size and permeability by varying the mesh
sizes of the sands. Coarser sands can be used to provide a fil-
ter medium for testing lost circulation material to be used to
control seepage losses to severe fluid loss environments.
K.3.2.5 Sintered metal disks or slotted metal disks can be
used to simulate fractures or high permeability formations. In
the evaluation of seepage loss material needed to seal off a
specific formation, the disk pore throat size should be
matched with that of the formation.
K.3.2.6 Sand beds can be used as a filtering medium if the
PPA cell is oriented with the filter at the bottom of the cell.
For greater repeatability in the height of the sand bed, first
determine the desired height of the bed, and then weigh the
amount of sand necessary to obtain that height. The sand bed
should be saturated with the base fluid before the test. If the
user desires to run the test in the standard manner, with the fil-
ter medium at the top of the cell, resin coated sand can be
placed in the cell, heated for 1-3 hours at 300°F (149°C),
cooled, and then inverted for the test.

K.3.2.7 There is an unavoidable variability in the pore
throat sizes of the ceramic disks normally used in these tests.
Consequently, when running comparative tests, it is recom-
mended that the disks be tested and classified to achieve as
much uniformity as possible. The manufacturers run a quality
control test for a disk classification and can, upon request,
provide the user the mean pore throat diameter and an aver-
age porosity. The user can use a simple flow test with water to
further classify the disk.
Note: Procedure for ceramic disk comparison—Install disk in a PPA
cell and fill the cell with water. Using the air permeability equip-
ment, with the upper cell valve closed, adjust the pressure on 30 psi
test gauge to 4.0 to 45 psi. Open the valve on top of the cell and
adjust pressure to 2.0 psi ±0.1 psi. After opening valve at the bot-
tom of the cell, readjust pressure with the upper valve to 2.0 psi
±0.1 psi. Measure time for 300 ml to pass through using a 500 ml
graduated cylinder; timing from the 100 ml mark to the 400 ml
mark. If the PPT (Permeability Plugging Test) is to be used for
comparison purposes, run several disks, classify the disks, and use
those of similar values.
K.3.3 Timer: 30-minute interval.
K.3.4 Thermometer: up to 500°F (260°C).
K.3.5 Graduated cylinder (TC): 25 ml or 50 ml.
K.3.6 High speed mixer.

K.4 Procedure—High Temperature, HighPressure
K.4.1 PREHEATING THE HEATING JACKET

Connect the power cord to the proper voltage as indicated
on the nameplate. Turn the thermostat to the mid-scale and
place a metal stem dial thermometer in the thermometer well
of the heating jacket. The pilot light will turn on when the
heating jacket temperature has reached the thermostat setting.
Readjust the thermostat to 10°F (5.6°C) over the desired test
temperature.

K.4.2 LOADING THE FILTRATION CELL
WARNING: The filtration cell is a pressure vessel. The fol-
lowing safety precautions should be followed to ensure safe
operation: The cell material should be resistant to the test
sample. Cell bodies that show signs of stress cracking or
severe pitting, must not be used.

As received from the manufacturer, the PPA will be
equipped with valves that are rated to 500°F (260(C). Should
it become necessary to change any valves during the life of
this equipment, it is imperative that the replacements be
designed and rated for use at 500°F (260°C) or more.
K.4.2.1 Use the spanner wrench to remove the end caps
then unscrew the nipples from the caps and remove the piston
from the cell.
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K.4.2.2 Check the O-rings on the nipples, the floating pis-
ton, the cell body, and the end caps, and replace any that are
damaged or brittle. [All O-rings should be replaced routinely
after tests at temperatures above 300°F, (149°C)]. Apply a
thin coating of stopcock grease completely around all of the
O-rings being especially careful to ensure that those on the
piston are well lubricated. Screw the floating piston onto the
T-bar wrench and install the piston into the bottom of the cell,
working it up and down to ensure that it moves freely. (The
bottom of the cell, the inlet end, has a shorter recess than the
top.) Position the piston so that is at or near the bottom end of
the cell, then unscrew the wrench from the piston.
K.4.2.3 Lubricate the end face of the cell bore, the horizon-
tal area at the end of the bore, with anti-seize compound and
fill the space above the piston with hydraulic oil to just above
the end face.
K.4.2.4 Lubricate the threads with high temperature grease
and then, while pushing on the back pressure ball on the nip-
ple of the end cap to permit the air to escape, screw the end
cap into place., tightening it moderately with the two-pin
spanner wrench. Over tightening will not improve the seal,
and will make the cap difficult to remove.
K.4.2.5 Install the hydraulic end cap onto the bottom of the
cell: Push in on the back pressure ball on the nipple of the end
cap on the pressure inlet end of the cell to relieve the pressure
and allow the cap to be screwed into the cell more easily.
Note: Some oil will flow from the threaded hole in the end cap, indi-
cating that no air is trapped between the piston and the end cap.
K.4.2.6 Connect the bottom nipple assembly to the pump
hose, and pump enough hydraulic oil to expel all air from the
nipple. Then, being careful not to allow any oil to spill from
the nipple, connect the nipple assembly to the bottom cell cap
and disconnect the pump hose.
Note: The steps that follow can be accomplished in the jacket that is
being preheated, in an unheated jacket—if one is available—or in a
specially constructed stand.
Note: For improved consistency in test results, stir drilling fluid for
five minutes immediately before loading the cell.
K.4.2.7 Turn the cell upright and fill with approximately
275 ml of drilling fluid. This allows for expansion while heat-
ing. Do not exceed this amount.
K.4.2.8 Reconnect the pump hose to the quick-connect
coupling on the nipple at the bottom of the cell and close the
pressure valve on the pump. Operate the pump to raise the
level of the fluid sample to the O-ring recess.
K.4.2.9 Install the O-ring and set the selected ceramic disk,
or other filtering medium, on top of it.
Note: The disk should be soaked In water for at least five minutes
before use. Disks should never be reused.
K.4.2.10 Install the top end cap in the cell.

Note: The following step applies only to cells that utilize retainer
rings for the top end caps.
K.4.2.11 Lubricate the threads and the bottom of the
retainer ring, and screw the ring into the top of the cell.
Tighten it, using the single pin spanner wrench if necessary,
until the outer knurled flange of the retainer ring is flush
against the top of the cell body. Attempting to tighten it fur-
ther will not improve the seal and will make the cap more dif-
ficult to remove.
CAUTION: Thermal expansion of its contents, and of the
hydraulic fluid, will cause cell pressure to increase rapidly
when a closed cell is placed in a hot heating jacket. When a
cell at room temperature is placed in a hot jacket, the pump
must be connected quickly to permit the release of hydraulic
fluid to prevent over-pressurization. During heating, the pres-
sure in the cell must be controlled by bleeding off the excess
periodically.
K.4.2.12 Unless it was installed at step K.4.2.7 above,
install the cell in the heating jacket. Make sure that the cell
support has been pulled outward using the handle, then insert
the cell assembly and rotate it so that the pin in the bottom of
the heating jacket seats into the hole in the bottom of the cell
body. This prevents rotation of the cell.

K.4.3 PRESSURIZING THE CELL
Note: Filtration at temperatures above the boiling point of the fluid
sample requires the use of the back pressure receiver to prevent
vaporization of the filtrate. It also requires that the sample be pres-
surized to prevent it from boiling.
WARNING: When the closed cell is placed in the hot heating
jacket, the pressure in the cell will begin to rise rapidly due to
thermal expansion of the sample and the hydraulic fluid. The
pump must be connected quickly to allow release of hydrau-
lic oil to prevent over-pressurization. During heating, the
pressure in the cell must be reduced periodically.
K.4.3.1 Refer to Table J.I for the pressure corresponding to
the test temperature, and use the hydraulic pump to apply this
pressure to the cell. If a manually operated pump is used, it
should always be operated at about one stroke per second.
K.4.3.2 While the cell is heating, use the following proce-
dure to prepare the back pressure receiver:
a. Check to ensure that the regulator T-screw has been
rotated counterclockwise enough to enough to release all
pressure. When the pressure has been released the screw will
turn freely.
b. Open the pressure release valve to relieve any remaining
pressure and remove the CO2 cartridge barrel from the pres-
sure unit. Dispose of the empty cartridge, replace it with a
new one, and tighten the barrel enough to puncture the car-
tridge. Do not adjust the regulator at this time.
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c. Verify that the pressure release valve on the CO2 assembly
and the filtrate drain valve are closed.
d. Set the back pressure assembly aside. It will be installed at
StepK.4.3.4.
K.4.3.3 Monitor the cell temperature with the thermometer
in the well in the cell wall, not the well in the heating jacket.
When the cell reaches the desired temperature, lower the ther-
mostat to reduce the jacket temperature to the test tempera-
ture. Hold the cell at the desired temperature until thermal
expansion is complete and the cell pressure stops increasing.
This can take as long as an hour.
K.4.3.4 With the cell is at the desired temperature and cell
pressure stabilized, mount the back pressure receiver on the
upper valve adapter and secure it with a retaining pin, then
install the CO2 pressurizing unit on top of the receiver andlock it in place with the other retaining pin.
K.4.3.5 If a drain hose is to be used for the filtrate, connect
it from the drain valve to the graduated cylinder receiving the
filtrate.
Note: To ensure accurate measurements, the space between the fil-
tration medium and the back pressure receiver outlet, and the
receiver valve, must be filled with the base fluid before starting the
test. This will ensure that the fluid passing through the filter dis-
places an equal volume of fluid to the receiver. Failure to follow this
corrective procedure can introduce significant error.
K.4.3.6 Refer to Table J.I to determine the appropriate
pressure for the back pressure receiver, and apply it by turn-
ing the T-screw on the pressure regulator until the desired
pressure is reached.
K.4.3.7 Actuate the pump to raise the cell pressure to the
desired level, then open the valve between the cell and the
back pressure receiver to start the test.
Note: The differential filtration pressure is the difference between
the pressure applied to the cell and that maintained on the back pres-
sure receiver.
K.4.4 CONDUCTING THE FILTRATION TEST
K.4.4.1 A laboratory timer should be used and filtrate
should be collected—and its volume recorded—at 1, 7.5,
and 30 minutes. Plotting this data against the square root of
time provides a useful description of the spurt loss. If
desired, samples can be taken more frequently, but none
should be taken before one minute. Precisely recorded test
times and volumes are necessary for accurate calculation of
the filtration parameters.
Note: For improved definition of spurt loss, collect the filtrate at 1 ,5 ,
15,15,25, and 30 minutes, and plot cumulative filtrate volumes vs.
the square root of time.
K.4.4.2 Begin filtration by opening the valve between the
cell and the back pressure receiver. Verify that both the cell
pressure, as indicated on the pump gauge, and the back pres-
sure are at desired levels. Adjust them as necessary through-

out the test. If a manually actuated pump is used, it should be
operated at about one stroke per second until the desired pres-
sure is reached.
K.4.4.3 Cell pressure can be expected to decrease slightly
as filtration reduces the cell contents, and from any leakage at
the pump. The pump should be used as necessary to maintain
the pressure at the desired level.
K.4.4.4 After each interval, the filtrate should be drained
into the graduated cylinder from the back pressure receiver,
and the time and cumulative volume should be recorded.
Note: It is recommended that the filtrate be recovered directly from
the back pressure receiver, not through a drain hose attached to it. If
a hose must be used, its length should be minimized to reduce the
error caused liquid retention on its internal surface.
K.4.4.5 After 30 minutes, close the filtrate valve and drain
all of the filtrate from the back pressure receiver into the grad-
uated cylinder. The total volume of filtrate in the graduated
cyUnder should be recorded.
K.5 Test Conclusion and Disassembly
K.5.1 Disconnect the heating jacket from the power source.
CAUTION: The temperature of the sample in the cell must be
reduced to below 100°F (37.8°C) before the cell can safely be
opened. Do not proceed with disassembly until the tempera-
ture of the sample in the cell has been reduced to less than
100°F (37.8°C). Extreme care must be exercised in cooling
hot cells. This procedure, as recommended, makes it difficult
to perform more than one test in an eight hour work day with
a single PPA. In the interest of improving productivity, users
may want to design their own cell cooling procedures and
equipment. Safety must be the primary consideration in these
designs.
K.5.2 The pressurized cell assembly should be allowed to
cool in the heating jacket. (See above.) When these tests are
run with sufficient frequency to justify it, a cooling stand, sta-
tion, or bath can be provided to expedite the cooling process.
There is a cell handling tool available which should be used
any time a hot cell is to be handled.
K.5.3 Isolate the back pressure assembly from its pressure
source by turning the T-screw on the back pressure regulator
counter-clockwise until it rums freely.
K.5.4 Open the bleed valve on the CO2 unit to release thepressure in the back pressure receiver.
K.5.5 Remove locking pin and the CO2 pressuring assem-
bly from the top nipple adapter.
K.5.6 Remove its locking pin and the back pressure
receiver.
Note: Extreme care must be exercised in cooling hot cells. This pro-
cedure, as recommended, makes it difficult to perform more than
one test in an eight hour work day with a single PPA. In the interest
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of improving productivity, users may want to design their own cell
cooling procedures and equipment. Safety must be the primary con-
sideration in these designs.
K.5.7 Open the valve on the hydraulic pump to release cell
pressure, then disconnect the hydraulic quick coupler.
K.5.8 Open the filtration valve. This will bleed any pres-
sure remaining between the cell filter and the back pressure
receiver.
CAUTION: If it is suspected that pressure remains in the cell,
and the lower end cap does not include a screen, the follow-
ing procedure can be used to determine the position of the
floating piston. Remove the quick-connect assembly from the
bottom end cap of the cell and insert a small drill bit or wire
through the end cap to determine whether the floating piston
is at the bottom. If the piston is NOT at the bottom, there is no
pressure. If the piston is at the bottom, there could be pressure
remaining in the cell. Reconnect the hydraulic pump and
pump several strokes to move the piston. If the cell is pressur-
ized, it will be obvious from the force required to move the
piston.

If there are indications that pressure remains in the cell,
completely remove the filtration valve assembly from the cell
and insert a small drill bit or wire into the cell cap to remove
the obstruction. The drill or wire will stop when it contacts
the filter disk. Make sure that gloves are worn and that the
opening is pointed away from the operator when inserting the
bit or wire.
K.5.9 Raise or remove the cell assembly. If desired, the cell
may be raised in the heating jacket either by lifting it by the
filter valve assembly or using the optional cell handling tool.
Attach this tool to the back pressure inlet nipple just above
the filtrate valve where the back pressure receiver is normally
attached. Secure the tool using the valve stem locking pin.
The cell can be supported on the cell support, or lifted out of
the heating well and laid on a bench while the cell is being
opened.
K.5.10 Threaded caps are removed using spanner
wrenches. It may be necessary to tap on the wrench to get it
started. Opening difficulty is an indication of insufficient
lubrication, over-tightening, or insufficient cleaning. It may
be necessary to use a suitable holding tool such as a soft jaw
vice, chain wrench, strap wrench, or another similar device to
secure the cell while the cap is unscrewed.
K.5.11 Reposition the cell as required so that the filter end
is up, then remove the top cap.
K.5.12 Remove the filter disk. Use a small knife, small
screwdm .T, or similar thin blade to pry the edge of the disk
up, then remove the disk and the filter cake. If required, wash
the filter cake gently with water, then measure and record its
thickness and remarks concerning its composition.

K.5.13 Empty the cell and wash it with fresh water. It is
usually not necessary to remove the floating piston and the
bottom end cap unless the last test was run at 300°F (149°C)
or higher.
Note: If testing was conducted at temperatures above 300°F(149°C),
the O-rings must be replaced. Perform the following three steps to
replace the O-rings on the floating piston and the bottom end cap.
K.5.14 Remove the bottom end cap using the procedure
outlined in sections K5. 1 1 and K.5.12, above, except that the
cell position is reversed, and the two-pin spanner wrench is
used.
K. 5.15 Remove the floating piston. Screw the T-bar wrench
into the floating piston and push or pull to slide the piston out
of either end of the cell. Note that the floating piston can be
removed through the top end without removal of the bottom
end cap. Remove and dispose of all of the O-rings on the pis-
ton and the cap.
K.5.16 Clean the parts for re-use.
K.6 Data Reporting
K.6.1 FILTRATE REPORTING

Report the actual cumulative filtrate volume, in ml, col-
lected through each of the selected time periods.
K.6.2 SPURT LOSS

The Spurt Loss is the volume of fluid that passes through
the filtration medium before a filter cake is formed. It can be
depicted by the intercept, on the y-axis, of the straight line
representing the static filtration rate, when the square root of
filtration time is plotted along the x-axis, and the filtrate vol-
ume (doubled to correct for filtration area when using 3.5 in
filtration media) is plotted along the y-axis. Alternatively, an
approximate value can be calculated using the equation
which follows.
Note: To define the spurt loss more accurately, collect and record the
filtrate more frequently, and plot the data as described in the NOTE
following Section K.4.4.I.
K.6.3 CALCULATIONS
PPT Value, ml = 2xEV30

Spurt Loss, ml = 2 x [EV7J5 - (EV30 - EV7^)]
Static Filtration Rate, RS = 2 x [(EV30 - EV7^)] / 2.739
Where:
EV is the effluent volume (filtrate) in ml using a 3.5 in2 disk.
EV7^ is the filtrate volume in ml after 7.5 minutes.
EV30 is the filtrate in ml after 30 minutes.
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Note: Observe that all three of these parameters are calculated on the K.6.4 FILTER CAKE REPORTING
basis of filtrate volume corrected for filtration area. The filter media
routinely used in these tests have half the filtration area of that used K.6.5 Measure and record the filter cake thickness to the
in the standard API low pressure filtration test. Doubling the filtrate nearest '/32 in. (0.8 mm). Include a description such as hard,
volume compensates for this area difference. The constant, 2, can be soft tough, flexible, rubbery, firm, etc. Although these are
modified as necessary to accommodate tests made utilizing other fil- necessarily subjective judgements, they can convey important(ration areas. .J J J

information.
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DRILLING MUD REPORT

API
Well
No.

State

OPERATOR:

County Well
1

S/T

Report for
Well Name and No

* WATER MUD REPORT NO.

Date 20

Soud Date

DMODepth DTVD
Present Activity

CONTRACTOR: RIG NO:
Report for Section, Township. Range

|| Field or Block No II County. Parish. Offshore Area State/Province
BIT DATA

MUD PROPERTIES:

DRILLING STRING

Sample from
Time Sample Taken
Flowline Temperature (°F)
Weight OOPS) DlWcu ft) O*> fl" °f
Funnel Viscosity (sec/qt) API a °F
Plastic Viscosity cpO °F
Yield Point (lb/1 00 If)
Gel Strength (lb/100 ft2) 10 sec/10 min
Filtrate API (cnvVso min)
API HTHP Filtrate (cm3/30 min) O °F
Cake Thickness (32nd in. API/HTHP)
Retort Solids (% Vol.)
Retort Liquid (% Vol.) Oil/Water
Sand Content (% Vol.)
Methylene Blue Capacity DiM*ie<MvU cm^/cml mud
pH Dslr'P n Meter 6 °F
Alkalinity Mud (Pm). cm

3 N/50 Acid/cm3

Alkalinity Filtrate (P,/M,). cm3 N/50 Acid/cm3

Chloride (mg/L)
Total Hardness as Calcium (mg/L)

DF.L. PitQ

/

/

/

/

CASING

QF.L PKD

/

/

/

/

DF.L PitD

/

/

/

/

CIRCULATION DATA

DF.L. PitC

/

/

/
/

I

MUD PROPERTY SPECIFICATIONS:
Weight Viscos'rty Filtrate

RECOMMENDED TOUR TREATMENT:

——————————————————————————————————————————

REMARKS:

——————————————————————————————————————————

PRODUCTS SOLIDS EQUIPMENT:

MUD VOLUME SOLIDS ANALYSIS MUD RHEOLOGY & HYDRAULICS COST ANALYSIS

REPRESENTATIVE . .PHONE. _ WAREHOUSE PHONE
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1.0 INTRODUCTION
Golder Associates Inc. (Golder) is pleased to present these technical Specifications for three extraction
wells, to be located at Site R near the W.G. Krummrich Plant (WGK) in Sauget, Illinois. The location
of the extraction system is west of WGK and west of Illinois Highway 3, near the Mississippi River, in
an area known as Site R (Figure 1).

The Specifications for the extraction wells are based on:

A. An Invitation to Bid, provided by Solutia Inc. (Solutia), dated July 20, 2001 ; and
B. Various e-mail documents and telephone conversations between Solutia and Golder

from July 30, 2001 through March 2002.
1.1 Definitions

For the purposes of this specification, the REMEDIAL DESIGNER is Golder or another Solutia
designate. The CONTRACTOR is the firm, which will be chosen by Solutia Inc., that will actually
install the extraction system. The SUBCONTRACTOR is any firm which is subcontracted by the
CONTRACTOR. The OPERATOR is the person (s) designated as the operator of the system.
1.2 Well Specification Information Supplied by Solutia
Supplied well specification parameters include, but are not limited to:

A. The extraction system is to consist of three, 10-inch diameter wells.
B. The wells are to be screened with 40 feet of screen at depths from 65 to 105 feet

below ground surface (bgs).
C. Each well is to have a nominal pumping capacity of 300 gallons per minute (gpm),

with a 20 percent contingency capacity of up to 360 gpm. Therefore, the total
nominal system capacity will be 900 gallons per minute, with contingency capacity of
1 ,080 gpm. Actual extraction rates will be determined after the system is installed.

D. The overall hydraulic conductivity of the formation is assumed to be 0.1 centimeters
per second (cm/sec).

E. Extracted groundwater is to be conveyed from the wells via buried underground lines
consisting of high density polyethylene (HDPE) pipe.

F. An existing pipe with a diameter of 30 inches can be used to convey the extracted
groundwater through certain "work arounds", including a levee, railroad tracks, and
Illinois Highway 3. The remainder of the pipeline will be installed adjacent to the
existing 30 inch pipeline, but not pass through it. However, this information is
pending final design of the conveyance system.

G. The well controls will be placed at each well head.
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H. Instantaneous flow will be measured at each well (no remote data transmission).
I. Total and instantaneous flow will be measured at the discharge point.

J. A double-valved sample port will be added to each wellhead.

K. All electrical power should be run underground.

L. The piping system should be overdesigned in the event that additional flow is required
subsequently, using higher capacity pumps.

M. The well head should be capable of surviving a 100 year flood event.
N. Assume that the system will operate for 30 years.
O. Supplied electrical service will be 480 volt, 280 amp service located near the pole-barn.
P. The drilling CONTRACTOR will be required to have Occupational Safety and Health

Administration (OSHA) 40 hour Hazardous Waste Operator (HAZWOPER) certification,
along with required annual refresher training.

Q. The preferred drilling method was to drive 10-inch diameter casing using a cable tool
drilling rig and install a telescoping screen beneath the casing.

1.3 Other Information and Modifications

1 .3 . 1 Sieve Analysis
Sieve analyses and boring logs were provided for a number of wells located in the vicinity of the
planned extraction wells. Sieve analyses results have been provided for two of these wells, SB-1 and
SB-2, which are located near the planned extraction wells. These sieve analyses were used as the
design basis for the extraction wells. These sieve analyses were reported in Krummrich Ground-water
Migration Control Predesign Investigation, by URS Corporation, October 4, 2001 . These sieve
analysis are for depth intervals ranging from 84 to 86 feet bgs in both SB-1 and SB-2. Therefore, they
generally correspond to the depth range of the proposed wells, but do not correspond to the uppermost
and lower most ranges.
1 .3 .2 100 Year Flood Protection
The extraction wells will be designed to withstand a 100 year flood event. In addition, the control
panels will be sealed to prevent influx of flood water. However, the control panels will not necessarily
withstand a 100 year flood event.
1 .3 .3 30-Year Design

The extraction system discussed herein has been designed to operate for a 30 year period of time.
However, this assumes that periodic maintenance will be required. For example, it is unlikely that the
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installed pump will be able to operate continuously over a 30 year period without maintenance or
replacement.

Colder Associates



March 2002 4 013-9665
Technical Specifications__________PRELIMINARY________________Solatia Inc.

2.0 EXTRACTION WELLS
2.1 General
2. 1 . 1 Description Of Work

A. The CONTRACTOR shall provide all labor, equipment, materials, tools, and
appurtenances required to complete the work of furnishing and installing the
extraction wells as shown on the Drawings.

B. The CONTRACTOR shall comply with applicable codes, ordinances, rules,
regulations, and laws of local, municipal, State, or Federal authorities having
jurisdiction. The CONTRACTOR is responsible for identifying and obtaining all
appropriate licenses, approvals, and permits to complete the work of this Section. The
CONTRACTOR shall provide a "Competent Person" to implement, supervise, and
inspect the Work.

C. Prior to the installation of the extraction wells, the CONTRACTOR shall identify and
perform any necessary utility mark-outs.

D. The CONTRACTOR and SUBCONTRACTORS shall coordinate the work of this
Section with the work of other sections as required.

2. 1 .2 General
A. The approximate locations and depths of the extraction wells are shown on the

Drawings. Exact locations will be determined and field verified by the
CONTRACTOR and REMEDIAL DESIGNER before the installation of the
extraction wells is initiated.

2.1 .3 Submittals
A. Drilling methods are described in Section 2.3 herein. The CONTRACTOR shall

describe in the Bid any recommended alternative drilling method(s) based on the
reported Site conditions.

B. Submit a Statement of Qualifications for the CONTRACTOR or
SUBCONTRACTOR who will perform the installation. Include resumes of drilling
crews and the superintendent. Submit safety records (OSHA 200 logs and Experience
Modification Ratings for the last 3 years) and insurance rating. The drilling
CONTRACTOR or drilling SUBCONTRACTOR personnel will be required to have
Occupational Safety and Health Administration (OSHA) 40 hour Hazardous Waste
Operator (HAZWOPER) certification, along with required annual refresher training.
The Statement of Qualifications will include documentation of personnel
HAZWOPER certification as well as documentation that refresher training is current.
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C. Submit a list of all equipment to be used for portions of the Work described in this
Section including proposed drill rigs and associated torque capacity. Submit an
installation schedule and update it weekly during the Work.

D. No work shall be performed until the items discussed above have been favorably
reviewed by the REMEDIAL DESIGNER.

E. During drilling of each well, the Contractor will maintain a detailed daily driller's
report and submit reports daily to the REMEDIAL DESIGNER. The report shall give
a complete description of all formations or material encountered, number of feet
drilled, number of hours on the job, shutdowns, feet of casing set, and other pertinent
data.

F. Upon completion of each well, the CONTRACTOR shall submit to the REMEDIAL
DESIGNER a report including the following:
1. Total depth of the completed well;
2. Depth or location of any lost drilling materials or tools;
3. Nominal hole diameter of the well bore and total depth;
4. Volume and amount of materials (including number of bags) used to fill the

annular space;
5. Depth and description of the well casing and screen;
6. Protective casing, plug, cap size, and materials used;
7. Concrete, bentonite, or grout materials used and depths;
8. Number and location of centralizers used;
9. Weather conditions during installation;
10. Name of individual who prepared the report and members of the drilling

crew; and,
11. Other pertinent data requested by the REMEDIAL DESIGNER.

G. Following completion of drilling each well, the CONTRACTOR shall submit to the
REMEDIAL DESIGNER signed copies of the driller's log book including the
following information:
1. Reference point (i.e., top of casing) for all depth measurements;
2. Depth at which each change of material occurs;
3. Identification of the material of which each stratum is composed;
4. Depth interval from which sample was taken;
5. Name of individual who prepared log and members of drilling crew;
6. Water use during drilling;
7. Penetration resistance during split-spoon sampling (if any);
8. Water levels encountered during drilling;
9. Drill rig type, make, and torque capacity;
10. Split-spoon hammer weight and fall; and,
11. Other pertinent data requested by the REMEDIAL DESIGNER.

H. The CONTRACTOR shall submit the well coordinates and top-of-casing elevations
certified by a Land Surveyor licensed in the State of ILLINOIS.

I. The CONTRACTOR shall submit product data for the following:
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1. Casing pipe;
2. Extraction well screen;
3. Drilling fluid materials and additives (if used);
4. Mix design of neat cement and cement grout; and,
5. Pitless adapter.

J. The CONTRACTOR shall submit a completed Well Construction Form for each
extraction well constructed. Submit two (2) copies to the REMEDIAL DESIGNER
upon completion of each extraction well.

2. 1 .4 Qualifications

A. The CONTRACTOR responsible for the construction of the extraction wells shall be
properly licensed and employ only competent workmen for the execution of this
Work. All such Work shall be performed under the direct supervision of an
experienced driller favorably reviewed by the REMEDIAL DESIGNER.

B. The driller shall be capable of identifying geologic formations, maintaining complete
and current well logs and daily notes for the completion report.

C. The CONTRACTOR shall provide satisfactory evidence that all materials to be
furnished in performing the Work are new and all equipment to be used is in good
working order.

2. 1 .5 Handling of materials
A. All parts and materials shall be properly protected so that no damage, deterioration, or

contamination will occur from the time of shipment until the Work described in this
Section is complete.

B. If in the opinion of the REMEDIAL DESIGNER, parts and materials are damaged,
deteriorated, or contaminated, the materials will be rejected and immediately removed
from the Site. The CONTRACTOR shall replace the parts and materials at the
CONTRACTOR'S expense.

2 . 1 .6 Site Conditions

A. The CONTRACTOR will coordinate access approvals with the REMEDIAL
DESIGNER or Solutia. Notify corporations, companies, individuals or authorities
owning conduit wires or pipes running to property or encountered during construction.
Protect, support, and maintain conduit, drains, sewers, pipes, and wires.

B. The CONTRACTOR will not excavate within influence zone of existing footings or
foundations without prior approval of the REMEDIAL DESIGNER.

C. The CONTRACTOR will review with and obtain prior approval from the
REMEDIAL DESIGNER for location of mud or water pits or other temporary
excavations for construction purposes.
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D. The CONTRACTOR will perform Site grading, filling, and surface stabilization, if
necessary, to access the Site with drilling equipment.

2 . 1 .7 Well Acceptance Criteria

A. The CONTRACTOR shall develop the extraction wells until, in the opinion of
REMEDIAL DESIGNER, they are:
1. Producing minimum required flow rate;
2. Producing clear water with a turbidity index of less than 5 NTU (USEPA test

Method 180.1 ) ;
3. Producing water completely free of drilling fluids; and,
4. No increase in well specific capacity is observed following successive

development periods.
B. All boreholes shall be constructed and casing installed plumb and true to line.
C. All casing, screens, and caps shall be set to the depths directed by REMEDIAL

DESIGNER.
D. All well identification numbers, dates of completion, and permit numbers shall be

imprinted inside the well or sump cover.

E. All residual materials (bags, crates, containers, and miscellaneous debris) shall be
removed from the Site, or placed into on-Site solid waste dumpsters.

F. No payment will be due to the CONTRACTOR if he fails to meet all of the above
requirements.

2.2 Products
2.2. 1 Well Casing Pipe

A. 10-inch I.D. Type 304 stainless steel welded pipe. The pipe wall thickness will vary
depending on the manufacturer, but should be approximately 0.4 inch.

2.2.2 Screen

A. Manufacturers:
1. Howard Smith Screen Company.
2. Johnson Screen Company.
3. Or equal.

B. Type 304 stainless steel telescoping screen, with a nominal diameter of 10 inches.
The pipe wall thickness will vary depending on the manufacturer, but should be
approximately 0.45 inch.
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C. Screen slot size: 0.040 inch, to be verified by the REMEDIAL DESIGNER during
construction.

D. Add five feet of 10-inch Type 304 stainless steel telescoping casing below the screen
to act as a sand trap. Close bottom of casing with threaded plug of same material as
the screen.

E. All fittings shall be welded.
F. Screen shall be continuous-slot, all welded design.

2.2.3 Pitless Unit
A. Manufacturers:

1. Standard Model Monitor PS Industrial Pitless Unit as manufactured by Baker
Manufacturing Company.

2. Maass-Baski, Inc. heavy duty Pitless Unit.
3. Or equal.

B. Comply with recommended standards of Pitless Adapter Division - Water Systems
Council, National Water Well Association.

C. Design Requirements:
1. Steel pitless case of same size as well casing, with epoxy corrosion resistant

coating.
2. Drop pipe: 3-inch I.D. threaded connection.
3. Discharge connection: 3-inch threaded connection, 150 psi working pressure,

depending on information from conveyance design.
4. Sealed conduit connection, with neoprene electrical cable seal and O-rings.
5. Lifting lugs.
6. Designed for stresses that may occur during installation, testing, and

operation.
7. Stainless steel seating rings.
8. Pitless unit will be encased in concrete.

2.2.4 Stainless Steel Drop Tubing
A. Design requirements:

1. 3-inch I.D. Type 304 stainless steel tubing.
2. Drop tubing shall connect to a stainless steel barb at bottom of pitless adapter

and top of extraction well pump.
3. Tubing shall not support weight of pump. Pump shall be supported by a

stainless steel chain attached to top of well or pitless adapter as appropriate.
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2.3 Execution

The execution of the project will be as follows:
2 .3 . 1 Examination

A. The CONTRACTOR will inspect all materials upon delivery and before placement to
document that they are in the original packaging as supplied by the manufacturer or
supplier and free of any material that may alter the chemical quality of the vent.

2.3.2 Preparation
The CONTRACTOR will:

A. Protect existing structures from damage.
B. Prepare the area for staging of drill cuttings prior to relocation to designated areas.
C. The CONTRACTOR shall provide access to all extraction wells. Proposed access

locations shall be reviewed with the REMEDIAL DESIGNER.

2.3.3 General
A. A typical cross-section of proposed wells is included in the Drawings for reference

purposes. The well cross-section shall not be interpreted to indicate exact formation,
thickness, and material encountered. This information will be verified during drilling
and prior to construction.

B. The extraction wells will be constructed using cable tool methods. However, in the
event that drilling by cable tool is determined to be not feasible, another drilling
method may be substituted. Drilling Methods shall be approved by the REMEDIAL
DESIGNER and shall conform to all State and local standards for piezometer/well
construction.
1. Acceptable drilling fluids are potable water and air.
2. Extraction wells shall be drilled straight and plumb.

C. The CONTRACTOR shall provide water for drilling and grouting.

2.3 .4 Screened Well Construction
A. Drive a 10-inch nominal casing 110 feet below ground surface (bgs) using cable tool

methods, or another approved method. Cuttings will be removed using the cable tool.
The 10-inch diameter casing sections will be welded in the field.

B. Following drilling and sampling of the 10-inch diameter boreholes, install 10-inch
diameter telescoping screens concentrically within the 10-inch nominal diameter
casings, as casing is pulled back. Screen lengths specified to be 40 feet as shown on
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the Drawings. Actual screen lengths shall be determined by the REMEDIAL
DESIGNER based on the field conditions encountered. Place five feet of 10-inch
diameter telescoping casing below each screen as a sand trap. The boreholes will be
sampled for lithologic classification purposes. Continuous sampling will be
accomplished by collecting small portions of the cable tool cuttings, for inspection and
classification.

C. Terminate upper end of casings at height or depth relative to ground surface indicated
on the Drawings.

D. The natural formation will comprise the filter pack for the well and no well grouting
will be accomplished.

2.3.5 Well Development By Mechanical Surging And Pumping
A. Perform development by mechanical surging and pumping after completion of well

construction,
B. Provide a surge block constructed of two rubber discs between three steel discs. The

outside diameter of disc shall be same as inside diameter of well casings.
C. Prior to surging and pumping, clean out any fill from each well.
D. Provide necessary appurtenances for performing the well development.
E. Place the surge block in each well above the screen. Surge, then lower the surge block

into each screen and develop intervals by slowly moving progressively downward.
F. Install a pump in each well and remove the water and sediment from the well.

Continue development of each well until the turbidity of the pumped water is less than
5 NTU or satisfactory to the REMEDIAL DESIGNER.

G. Collect, handle and dispose of well development water in accordance with Article
2.3.7 herein.

H. Conduct a short-duration performance test on each well, initially using a flow rate of
approximately 50 gpm. Increase the flow rate to 300 gpm for up to 1 hour, to verify
performance. The performance tests will be conducted immediately after pump
installation if the discharge piping is connected into the Village of Sauget sewer
system. If the system is not connected into the sewer system, performance tests will
not be performed until a connection has been made and a discharge permit has been
obtained. The short-duration performance tests will be performed in order to verify
that the system is functioning per design specifications.

2.3 .6 Decontamination
A. The drill rig and all drilling equipment shall be delivered clean and shall be steam-

cleaned upon arrival on-Site and prior to leaving the Site. Steam cleaning shall not be
conducted between boreholes. Potable water for steam cleaning shall be supplied by
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the CONTRACTOR. Between boreholes, all soil and wastes shall be removed from
the drill rig and drilling equipment at the borehole location. Drill cuttings and other
solid materials shall be disposed of as mandated by Solutia.

2.3 .7 Solids. Liquids and PPE Handling
A. All solids, liquids, and personal protective equipment (PPE) used, collected, or

encountered during the performance of this Work, including well drill cuttings,
development water and decontamination water, shall be collected in drums and be
delivered to a consolidation area. These materials will subsequently be transferred to
.an appropriate bulk container, e.g. a double walled-tank, contained single wall tank,
roll-off box, or other appropriate container provided by Solutia. Containerized solids
and liquids will be characterized to determine the proper disposal method and will be
disposed at a facility permitted to handle these materials in accordance with applicable
rules and regulations, at Solutia's expense.

2.3.8 Well Protection
A. During the progress of the Work, the CONTRACTOR shall protect all wells from

tampering or the entrance of foreign material.
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3.0 SUBMERSIBLE WELL PUMP AND MOTOR
3.1 General
3 . 1 . 1 Description Of Work

A. The CONTRACTOR shall provide all labor, equipment, materials, tools, and
appurtenances required to complete the work of furnishing and installing submersible
well pumps and motors as shown on the Drawings, as specified herein, and as
otherwise required by the REMEDIAL DESIGNER.

B. The work of the Section includes the installation of submersible pumps and motors in
the extraction wells. The pumps shall be installed in a 10-inch well casing. The base
of the pump will be installed five feet above the top of the screen.

3 . 1 .2 References
The latest edition of the publications listed below are included as a part of these
Specifications.
A. American Water Works Association (AWWA):

E101 Vertical Turbine Pumps-Line Shaft and Submersible Types.
B. American Society of Testing and Materials (ASTM)

A48 Standard Specification for Gray Iron Castings.
A53 Standard Specification for Pipe, Steel, Black and Hot-Dipped,

Zinc-Coated Welded and Seamless.
A276 Standard Specification for Stainless Steel Bars and Shapes.
B505 Standard Specification for Copper-Base Alloy Continuous Castings.
B584 Standard Specification for Copper Alloy Sand Castings for General

Applications.

3 . 1 . 3 Contractor Submittals
A. Shop Drawings:

1. Drawing of proposed surface plate and discharge head based on certified
points.

2. Installation drawing of pump cross-section installed in well.
3. Parts list and descriptions including such items as manufacturer, make, model,

style, type, weights, material, coatings, finishes, and references to appropriate
standards.

4. Pump manufacturer's curve showing principal characteristics of proposed
pump including:
a. Relation between delivery and head.
b. Relation between efficiency and delivery.
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B. Miscellaneous:
1. Pump manufacturer's statement of overall efficiency guarantee for pumping

unit, under the conditions specified in Section 3.2.2.
2. Pump schedule showing make and model number.

C. Submit documents to the Remedial Designer.
D. Provide record copies of the Shop Drawings as part of the Technical Manuals (O&M

Manual).

3.1.4 Quality Assurance
A. Pump installer shall be licensed in the State of Illinois.

3 . 1 . 5 Delivery, Storage. And Handling
A. Prevent dirt, water, and chemicals from entering inside the discharge pipe and

equipment.
B. Where possible, store materials and equipment inside to protect from weather. If it is

necessary to store materials and equipment outside, store in a manner such that the
materials and equipment are elevated above grade.

3.1.6 Site Conditions
A. Pump equipment specified in this Section is based on anticipated pumping conditions

and is subject to change following well test results.
B. Modifications to pumping equipment, if necessary, will be made by written Change

Orders.
C. Do not order pumping equipment until well has been tested and pump design

conditions verified by the REMEDIAL DESIGNER.

3.2 Products
3.2.1 General

A. Proposed equipment shall not be considered if it has not demonstrated its reliability
and efficiency on installations of similar units of approximately the same capacity and
under conditions corresponding to this installation. Submit such information to the
REMEDIAL DESIGNER.

B. Working parts shall be readily accessible for inspection and repairs, easily duplicated,
and replaced.
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C. Pump bearings shall be ample in size and water lubricated. Bearings and similar parts
shall have temperature rise not to exceed limit of safety and good practice for such
parts with water temperature of less than 68°F.

D. Apparatus shall be free from shock, vibration, and noise under conditions of load.

E. Proportion pump parts for stresses that may occur during continuous operation and for
additional stresses that may occur during fabrication, erection, and intermittent or
continuous operation.

F. Design for pumps, appurtenances, and cable to be capable of continuous submergence
under water without loss of watertight integrity to depths as shown on the Drawings.

3.2.2 Pumping Equipment
A. Manufacturers:

1. Grundfos Model 300S200-5
2. Or equal.

B. Provide submersible well pumping equipment in accordance with the requirements
shown on the Drawings, or as otherwise specified by the REMEDIAL DESIGNER.
Pumps will utilize variable frequency drives, which are compatible with each pump,
as recommended by the pump manufacturer.

C. Design to prevent damage to pumps and motors in the event that the units should be
operated in the wrong direction.

D. Pumps shall be sized to provide at least 300 gallons per minute (plus 20%) flow rate
against a total head of at least 70 feet, depending on final design parameters for the
conveyance system.

E. Pumps provided shall be of the same manufacturer and of one model for ease of
operation, maintenance, and repair.

3.2.3 Check Valves
A. Manufacturers:

1. Lakewood.
2. Or equal.

B. Provide one (1) check valve of the same size as pump drop pipe.
C. Stainless steel construction, stainless steel spring, threaded ends, double disc type.
D. Neoprene tube around upper cross-bar to absorb seat opening shock.
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3.2.4 Flow Control Valves

A. Manufacturers:

1. Dole
2. Plast-O-Matic
3. Or Equal

B. Provide steel, 3-inch ball valves as depicted on Drawing No. 4, so that each well can
be fully isolated from the system (for example, during repairs).

C. Provide one flow control valve per pump, located on conveyance pipe inside
enclosure.

3.2.5 Electric Motor
A. Manufacturers:

1. Franklin.
2. Grundfos.
3. Or equal.

B. Provide submersible, 20 horsepower, 480V, 3-phase (60 Hz) electric motor. The
electric motor will draw approximately 31 amperes.

C. High thrust capacity with heavy thrust bearings.
D. Highest grade heavy-walled seamless steel motor housing.
E. Accurately machined shaft and rotor assembly, dynamically balanced to ensure

vibrationless operation.
F. Capable of sustaining minimum of 3 starts/hr, 24 hrs/day, 365 days/yr.

3.2.6 Pump Cable
A. Provide submersible cable in accordance with AWWA E101 and this Section.
B. Design pump cable entry water seal to ensure watertight and submersible seal.
C. Do not use epoxies, silicones, or other secondary sealing systems.
D. Install suitable motor cable for submersible pump applications and indicate by code or

legend permanently embossed on cable.
E. Provide three (3) or more separate conductors, including one (1) for ground.

1. Stranding in accordance with ASTM class designation standards.
2. Cable with three (3) or more conductors shall be jacketed with oil and water

resistant material.
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F. Cable shall extend from the motor to the junction box at pump head. Provide a
minimum of 5-feet of extra cable.

G. Provide stainless steel clamps connected to the pump discharge pipe at not less than
10-foot intervals.

H. Provide stainless or galvanized steel cable guard at pump assembly.
3.2.7 Source Quality Control

A. Factory test submersible pump and cable in accordance with AWWA E101 and
perform insulation tests before and after testing.

B. Perform factory test with job motor driving pump.

C. Test points shall include shut-off head, rated head, and at least three (3) other points
as required for accurate curve plotting.

D. Test data computations shall be made to provide field head-discharge curves, field
wire to water efficiency curves, and field power consumption in kwh/ 1,000 gal at
performance point.
1 . Do not include velocity head, but include internal pump and screen losses in

performance curves.
2. Correct test results to show field performance at speed which unit will operate

with 480V at motor terminals.

E. Pump motors to be non-overloading throughout the entire operating range.
3.3 Execution
3 .3 . 1 Installation

A. Install pumping equipment complete and in accordance with the manufacturer's
recommendations, approved submittals, and to the satisfaction of the REMEDIAL
DESIGNER.

B. Install pump and discharge hosing in accordance with Section 2.0.
3.3.2 Field Quality Control

A. Manufacturer's Field Services:
1. Supplier's or manufacturer's technician for the equipment specified herein

shall be present at the Site for minimum of two (2) man days, travel time
excluded, for start-up support and training of the OPERATOR'S specified
personnel for the operation, maintenance, troubleshooting, and system-related
areas.
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B. Tests:
1. Conduct pumping test to demonstrate field performance of pumping

equipment in accordance with Section 2.3.5 of these Specifications.
2. Pump and motor shall operate without excessive vibration and shall operate at

a pumping capacity and field efficiency which is consistent with the field total
dynamic head conditions and approved performance curve data for the
pumping equipment.

3. Tests will not be considered complete, nor will pumping equipment be
accepted, if the requirements of this Section are not met.
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4.0 BASIC ELECTRICAL MATERIALS AND METHODS
4.1 General
4 . 1 . 1 Description Of Work

A. This Section and accompanying Drawings are intended to cover the provision of all
labor, material, and equipment necessary for the required electrical work for the
installation of groundwater extraction system wells as shown on the Drawings and as
described herein and in other Sections of these Specifications. This Section describes
the minimum requirements for the CONTRACTOR to provide all labor, materials,
and equipment for the following:

1. Provide and install all electrical components, including all arrangements
(installation costs, fees, applications, etc.) to provide a new 480-volt, 3-phase
electrical service at the Pole Bam on the WGK facility for use at the
extraction wells.

2. Provide and install all power and control wiring and conduit for the new
extraction wells at both locations.

B. Furnish and install all appurtenances and elements for complete functioning systems,
whether or not specifically indicated in the Contract Documents. Provide services and
equipment as specified in the Contract Documents.

C. All electrical splices and devices located at an elevation below the 100-year flood
plain shall be rated for NEMA 6P (submersible).

4. 1 .2 Codes And Regulations

A. Comply with the latest editions of the following authorities, including all supplements
thereto, and any other authority having jurisdiction within the requirements of this
Section.
1. Local Codes
2. National Electrical Code (NEC) as amended (NFPA No. 70, 71, 72, 72C)
3. Occupational Safety and Health Association (OSHA)
4. Building Officials and Code Administration International (BOCA) Code.
5. National Fire Protection Association (NFPA)
6. Underwriter's Laboratories (UL)
7. Factory Mutual (FM)

B. Whenever the Contract Documents require materials, workmanship, arrangement, or
construction of higher standard or larger size than is required by the codes and
regulations, the Contract Documents shall take precedence.

C. Should there be direct conflict between any codes, ordinances, rules, regulations, and
laws, as specified above, and the Contract Documents, the applicable code, ordinance,
rule, regulation, or law shall govern.
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D. All electrical materials and equipment shall bear the label of Underwriter's
Laboratories; listed by them in their list of electrical fittings; and approved by them for
purpose for which the material or equipment is to be used, unless the material or
equipment is of type for which Underwriter's Laboratories do not list or provide label
service.

E. All electrical connectors and conductors shall be copper
4 . 1 . 3 Submittals

A. The CONTRACTOR shall submit the following information, tabulated in booklet
form, for each piece of equipment or system furnished under this Section.

B. Shop Drawings:
1. Submit a detailed layout showing the location of electrical components and

routing of conduit and wiring.
C. Product Data:

1. Submit supplier's product data for all electrical components including:
a. Wire, conduit and associated fittings;
b. All control components with control wiring diagrams; and,
c. Disconnect switches.

D. Technical Manual (O&M Manual):
1. Include record copies of the Shop Drawings.
2. Provide the supplier's installation and Operation and Maintenance Manuals

for each electrical component.

4.2 Products
4.2.1 Conduit And Fittings

A. All underground conduits and fittings shall be rigid nonmetallic, approved for direct
burial. Underground conduit and fittings for control wire may be Schedule 40 PVC
or, if under a roadway, Schedule 80 PVC.

B. Above ground conduits and fittings shall be galvanized rigid steel, including all
upturned elbows and conduits passing through masonry and/or the ground surface.

C. Use only hot-dip galvanized fittings, for elbows, unions, receptacle and switch boxes;
type FS or FD, manufactured by Appleton, Crouse-Hinds, O.Z. Electric, Thomas &
Betts, or favorably approved equivalent.

D. All conduit, fittings, and connections shall be watertight.
E. Conduit entrances shall be through the bottom or sides of enclosures.
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4.2.2 Joining And Sealing Of Conduit
A. Effectively seal all threaded joints in conduit and couplings, using code approved pipe

thread compound or red lead applied to male thread only, with joint butted properly
within coupling.

B. Install conduit with fittings, boxes, etc. of the type required and in the manner
required to prevent intrusion of moisture. Seal all terminal ends of service conduits
and bushings with favorably reviewed insulating sealing compound.

4.2.3 Junction And Pull Boxes

A. Where required for proper execution of the Work, provide all junction and/or pull
boxes, each of proper size, and type for location and use, complete with screw covers
of size convenient and adequate for proper installation of required number of cable
and wires; to conform with code requirements. Provide adequate pull boxes for future
pulling and removal of wires.

4.2.4 Wire
A. 600V Cable:

1. All 480 volt power wiring shall be metal clad Type CLX XHHW-2, approved
for direct burial.

2. All 120/240 volt wiring shall be stranded copper with XHHW insulation.
Multi-conductor cables shall have a PVC jacket.

3. All wiring shall be copper, having 600 volt insulation. Aluminum wire will
not be allowed.

4. Wire Manufacturer: Okonite, Belden, or favorably reviewed equal.
B. Instrumentation Cable:

1. Conductor size shall be as provided by the manufacturer.

C. Execution:
1. Identify all main feeders and branch circuits by color-coded wire as required

by Code.
2. Do not use block and tackle or other mechanical means of pulling wire

through conduit. All wire or cables pulled in conduit or duct shall be pulled
with a pulling compound favorably reviewed by the REMEDIAL
DESIGNER.

3. On all circuit wiring throughout, allow sufficient slack at splices and outlets to
permit connections without straining generally not less than 6 inches in
junction or outlet boxes and 10 inches in ducts, troughs or pull boxes.

4. Splicing Terminal and Tap Connections: Make joints and splices only in pull
boxes, junction boxes, and outlet boxes in mechanically and electrically
secure manner using only approved solderless connectors, lugs, and as
approved by Code.
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5. Make all terminal connections of mains and feeder circuits using approved
high pressure clamping type solderless connectors.

6. Make all branch circuit terminal connections and splices using only 3M
Scotchlok electrical spring connectors and insulate with Scotch or other
approved plastic electrical tape, or by using nylon "Wing Nut Connectors"
with internal spring tension grip insulated with favorably approved plastic
electrical tape.

7. Ordinary wire nuts or porcelain type connectors are not acceptable.
8. Properly identify and tag all mains, feeders, and branch circuits in all pull

boxes, gutters, troughs, junction boxes, and other areas in which they connect.
Similarly, identify and tag wires where two or more circuits run to or pass
through same outlet or junction box.

9. Install tags in all pull boxes, troughs, junction and outlet boxes, and in gutter
of all panels, as wires are pulled.

10. All tags: Flame resistant linen, wired on, marked in indelible ink; in each
case, bearing designation of feeder or circuit.

11. Uninsulated conductors shall be bare type ACSR.
12. All control wire shall be in separate conduit then power distribution wiring.

4.2.6 Grounding
A. Grounding and bonding shall be in accordance with the NEC and with the

requirements of the governing utility. All exposed non-current carrying metallic parts
of the electrical equipment, metallic raceway systems and neutral conductor of wiring
systems shall include grounds driven into ground. Ground rods shall be high-strength
steel core, copper clad, 5/8-inch diameter by 10 feet length. Rods shall be UL listed
and driven to 2 foot below grade. All grounding conductors shall be of copper.

B. Adequately ground all isolated conduit systems for low tension work.
C. Provide the REMEDIAL DESIGNER with test results that demonstrate that the

resistance to ground for the grounding system is not more than 15 ohms.
4.2.7 Nameplates

A. Provide nameplates for all control equipment or engraved laminoid; riveted in place.
Nameplates shall be one inch high with 1A" lettering of total length equaling length of
lettering plus 1A" each side.
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4.2.8 Disconnect Switches
A. Provide fusible disconnect switch, where indicated on the Drawings. They shall be

NEMA 4X outdoors.
B. Type: Heavy duty switch sized for load serviced; non-fusible where used purely as

disconnect device. Provide the proper number of poles and a solid neutral where
required.

C. Fuses: Where fused switches are required and where the fuse type is not indicated on
the drawings, provide Type FRS fuses for 480 volt systems.

D. Shall be rated 480 VAC.
4.2.9 Flexible Metal Conduit And Fittings

A. Oil and moisture tight galvanized steel flexible conduit with copper bonding
conductor and synthetic rubber jacket; "Sealtight" as manufactured by American
Brass Co., or favorably reviewed equal, complete with ground bushings.

B. Fittings: Appleton Series "AT" fitters, unions, elbows, gaskets and locknuts, or
favorably reviewed equal.

4 .2 . 10 Outlet Boxes
A. Except as otherwise specified, provide stamped steel boxes of proper size gauge and

type for each location and use; securely fastened in place not supported by conduit.
Exposed boxes shall be cast FS or FD type. Provide fixture studs in boxes, where
required.

B. Manufacturers: Appleton, Crouse-Hinds, Steel City, Rayco or J.R. Richards.
4.2. 1 1 Spare Parts

A. The CONTRACTOR shall provide the following spare parts:
1. Two (2) sets of fuses for each type and size of fuse required.

4.3 Execution

4.3 . 1 Work By Contractor
A. Furnish and install new fused disconnect switches in spare buckets in the existing Pole

Bam.

B. Conduit and wiring from the Pole Barn shall be routed in overhead conduit out of the
building. Outside of the building, the wiring shall be routed below ground to the
control panels at each well. Alternatively, conduit and wiring may originate directly
from the power pole located adjacent to the Pole Barn, pending discussions with the
CONTRACTOR.
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C. Conduit and wiring from each control panel to the individual extraction pumps shall
be routed below ground.

4.3.2 Quality Assurance/Quality Control

A. Prior to the turning over of work as complete unit, test all wiring installed under this
contract for proper connections, short circuits and grounds. Conduct tests with the aid
of suitable testing instruments in the presence of, and submit results to the
REMEDIAL DESIGNER.

B. All work must be completed to the satisfaction of the REMEDIAL DESIGNER.
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5.0 INSTRUMENTATION AND CONTROLS
5.1 General
5 . 1 . 1 General

A. The CONTRACTOR shall provide a complete Control Panel for each extraction well
as described in this Section as provided by the Manufacturer. The Control Panel shall
include, but not limited to, electrical distribution, pump control switches, level
switches, alarms, and all other equipment required to provide local control and display
for each extraction well.

B. The CONTRACTOR shall employ the services of a System House (see below) to
design and oversee fabrication of the Control Panels. The System House shall be
responsible for procuring all instrumentation and controls integral to the construction
of the Control Panels. The CONTRACTOR shall coordinate all work to be performed
by the System House.

5 . 1 .2 Definitions
A. Systems House: Organization whose principle function is the design, programming,

manufacture, procurement, start-up, and service of instrumentation and control (l&C)
systems.

5. 1 .3 Codes And Regulations
A. Comply with the latest editions of following authorities, including all supplements

thereto, and any other authority having jurisdiction within the requirements of this
Section.
1. Local Codes
2. National Electrical Code as amended (NEC No. 70, 71, 72, 72C)
3. National Fire Protection Association (NFPA)
4. Factory Mutual (FM)
5. Underwriter's Laboratory (UL)
6. Occupational Safety and Health Association (OSHA)
7. Building Officials and Code Administration (BOCA)
8. American Society of Mechanical Engineers (ASME) and American Society of

Testing and Materials (ASTM) Standards for Materials of Construction
B. Whenever the Contract Documents require materials, workmanship, arrangement, or

construction of higher standard or larger size than is required by the codes and
regulations, the Contract Documents shall take precedence.

C. Should there be direct conflict between any codes, ordinances, rules, regulations, and
laws, as specified above, and the Contract Documents, the applicable code, ordinance,
rule, regulation, or law shall govern.
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D. All electrical materials and equipment shall bear the label of Underwriter's
Laboratories; listed by them in their list of electrical fittings; and approved by them for
purpose for which the material or equipment is to be used, unless the material or
equipment is of a type for which Underwriter's Laboratories does not list or provide
label service.

5 . 1 .4 Submittals
A. The CONTRACTOR shall submit the following information tabulated in booklet form

for each piece of equipment or system furnished under this Section.

B. Shop Drawings:
1. The CONTRACTOR shall obtain from the panel manufacturer, and submit

detailed panel layout and electrical diagrams showing the panel enclosure,
panel face and wiring diagrams to the REMEDIAL DESIGNER, prior to
fabrication, for review by the REMEDIAL DESIGNER. Detailed wiring
diagrams shall include point to point wiring information, including a wire and
terminal numbering system. Field connections shall be clearly denoted.
Submit detailed layout of panel face and internals. Detailed layout shall
include the location of each control and electrical component including relays,
transformers, panel displays, controllers, breakers, heaters and other required
items.

C. Product Data:
1. Submit supplier's product data for all controls and electrical components

including:
a. Panel displays;
b. Relays;
c. Power conditioners;
d. Circuit breakers;
e. Switches, push buttons, lights, etc;
f. Panel Enclosures;
g. Panel heaters;
h. Transformers;
i. Motor starters; and,
j. Electrical components as specified herein or in Section 4.0 of these

Specifications.
2. Submit the following supplier's product data for each type level switch,

transformer, circuit breaker, motor starter, pump control switch, alarm, timer,
and other instrumentation and control equipment:
a. Equipment supplier cutsheets;
b. Mounting requirements;
c. Manufacturer specifications;
d. Wiring and power requirements;
e. Construction materials;
f. Ranges;
g. Output/input signals; and,
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h. Accessories.
D. Technical Manual (O&M Manual):

1. Provide draft O&M Manual after completion of installation and prior to start-
up. Provide final O&M Manual after start-up and shall include all changes
made during start-up. O&M Manual shall include written procedures,
setpoints and configuration parameters, instrument calibration ranges, and a
detailed troubleshooting guide. Include recommended maintenance and
calibration schedules.

2. Submit Record Documents of all information.
3. Provide supplier's Installation and Operation Manuals for each component.

E. Submit in accordance with these Specifications.

5 . 1 .5 Quality Assurance

A. The Control System shall be designed and wired in accordance with all applicable
codes, laws, and regulations including NEMA and NFPA.

B. Start-Up and Training Services. The Systems House shall provide services for up to
two (2) days for the start-up of the Control System and training of the OPERATOR'S
designated personnel.

5.2 Materials
5.2. 1 General

A. These Specifications are only an outline of the general requirements. The
CONTRACTOR shall provide all necessary labor, products, and materials for the
construction and shipment of the Control System as described in this Section and as

-_ shown on the Drawings.

5.2.2 System Description

Groundwater from extraction wells will be discharged to the Village of Sauget trunk sewer
line, or other location specified by Solutia. Each extraction well will have its own separate
control panel.

A. Hand-Off-Automatic Switch:
The pumps at each extraction well shall be controlled by a hand-off-automatic switch.
In automatic mode, the operation of the pump shall be controlled by the stage of the
Mississippi River. In the hand (on) mode, the pump shall bypass all interlocks and
operate as long as the switch is held in the hand position. In the off mode, the pump
cannot be started by any level controls.

B. Level Transducer / Alarms
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The pumps in each extraction well shall be controlled primarily by a control system
located at the Mississippi River. However, a backup system will be installed based on
transducers installed above the pump of each well. Transducer output will be digitally
converted to water elevation for each well.
In automatic mode, each pump will normally be running and a "pump on" light will
be illuminated on each control panel. However, each transducer/controller will turn
off the pump if the water level is drawn down to within five feet of the top of the
pump. In this case, a "pump off light will be illuminated.
If the groundwater rises to static water level, the transducer/controller will energize the
"high level" alarm light on the control panel. This will serve as an independent
indicator of extraction system failure.

Water elevations for the transducer/controller will be determined by the REMEDIAL
DESIGNER for each extraction well, based on the results of the performance tests
specified in Section 2.3.5. of the Specifications.
A motor overload in the motor starter will be used to indicate a pump failure. If a
pump motor overloads, a switch shall activate a "pump fail" light on the control panel.

5.2.3 Control Panel Design
A. The Control Panels shall be designed in a logical manner. The Control Panel layout

shall be organized in an orderly manner. Switches, push buttons, controllers, and other
components shall be easily accessible and positioned to facilitate operator interaction.
Electrical equipment and control components mounted behind the enclosure door
shall be arranged to be easily accessible, provide ease of maintenance, repair, and
replacement.

B. The controls and electrical equipment shall be housed in a NEMA 4X, or equivalent,
enclosure. All indicating lights, switches and indicators shall be mounted through the
inner panel door. The enclosure shall be sized and assembled to provide 20% free
space for future controls, relays and wires. All components shall be clearly identified
by engraved laminated nameplates. The enclosure shall be constructed of stainless
steel.

C. The incoming power supply to the control panel shall be 3-phase/60 hertz/480 volt.
Provide circuit breaker and 480-V transformers as needed. Also include motor starter
and distribution panel. Provide 20 amp, 120 V ground fault circuit interrupter (GFCI)
service outlets; one on the outside of the panel area (outlet shall be enclosed in
separate weatherproof enclosure) and one inside the panel. Provide surge arresters on
all incoming power lines. The control panel shall include all necessary electrical
components as described in the Contract Documents. The panel shall also include an
interior light bulb with switch.

D. The panel shall include all necessary intrinsically safe power supplies, transformers
and interlocks required for operation of the system as described herein. The enclosure
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shall be designed with adequate ventilation and fan with filter to protect the control
panel components from overheating. Provide panel heaters to maintain minimum
panel interior of 40°F.

E. The Control Panel shall include panel lights for each alarm or condition as indicated
on the Drawings. The lights shall be wired to a clearly marked terminal strip located
inside the control panel. The light bulbs shall be push-to-test type and replaceable
without removing or opening the inner control panel door. The alarm lights shall be
color coded as follows:
1. "Green" - Pump on
2. "Red" - Pump fail
3. "Yellow" - Pump off
4. "White" - High level

F. The Control Panels shall be equipped with a terminal strip for making all input and
output connections between the Control Panels, and instrumentation equipment. The
Control Panel manufacturer shall provide all connections between the panel-mounted
instrumentation and the terminal strip. The CONTRACTOR shall provide all wiring
and conduit for electrical, instrumentation and control wiring from field mounted
instrumentation to the terminal strip.

H. All relays shall be DPDT. All contacts shall be rated for 120 volts and 2 amps.
I. In addition to the alarm lights discussed above, the panel will be equipped with the

following readouts:
1. Instantaneous flow
2. Total Flow
3. River Stage

5.2.4 Instruments
A. Pressure transducer/controller:

1. Manufacturer:
a. Geokon
b. KPSI
c. In Situ
d. Campbell Scientific
e. Or equal

2. Design Requirements:
a. Pressure sensor resistant to bio-fouling
b. Stainless steel construction
c. Shielded submersible cable that can support transducers,
d. Pressure sensor designed to operate over the correct pressure range, as

specified by the REMEDIAL DESIGNER
3. Provide one (1) pressure transducer per extraction well.
4. Provide additional wiring to connect each pressure transducer to the controller

within the control panel.
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5. Pressure transducers shall be suspended from top of well casing. Transducers
shall hang freely and shall be placed away from the extraction well pump,
tubing, centralizers, and other objects that could interfere in the operation of
the transducers. Pressure transducers shall be set approximately five feet
above the top of each pump.

B. Rate Meter / Totalizer:
A rate meter / totalizer will be installed within the control panel and at the discharge point of
the extracted groundwater. This rate meter / totalizer will be selected based on the design
parameters of the conveyance system and based on input from Solutia.
C. Recording System:
A recording system will be installed at the discharge point of the extracted groundwater. This
recording system will be selected based on the design parameters of the conveyance system
and based on input from Solutia.

5.2.5 Motor Controllers And Starters

Unless specified under other Sections, all motor controllers and starts shall be as follows:
A. Controllers and starters shall be full voltage magnetic having thermal overload

protection and neon pilot lights.
B. Provide all starters with at least two auxiliary contacts, one normally open and one

normally closed in addition to holding circuit contacts and an isolated alarm circuit
contact on overload relay.

C. All control circuits shall be 120VAC.
D. Nameplates: Provide engraved laminoid laminated plastic nameplates for all starting

equipment, clearly identifying equipment related thereto.
E. Manufacturer: Siemans, General Electric, Westinghouse, Square D Company, Alien

Bradley, or favorably reviewed equal.

5.2.6 Transformers
A. Dry Type Transformers, if needed:

1. Enclose to be non-ventilated.
2. Transformer insulation shall be rated for 220°C with temperature rise of

transformer to be 1 15 °C at rated KVA.
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5.3 Execution
5.3 . 1 Mounting, Testing. And Start-Up

A. The CONTRACTOR shall mount the Control Panel and make all electrical power and
control wiring connections between all electrical service, instrumentation and controls
as described in, or shown on, the Contract Documents.

B. Prior to shipment, the Systems House shall shop test the control panels and submit
results to the REMEDIAL DESIGNER. The CONTRACTOR shall provide
notification of shop testing.

C. Upon completion of the installation, all circuits, control systems and devices,
including pumps, valves, and all alarm condition signals, shall be tested in the
presence of the REMEDIAL DESIGNER by the CONTRACTOR. The
CONTRACTOR shall provide a minimum of two (2) man days of Systems House
support for field start-up and set-up equipment. All apparatus shall be cleaned,
adjusted and made ready for operation after testing. The CONTRACTOR shall make
such changes in wiring or connections and such adjustments, repairs or replacements
as are necessary to make the circuits, device or control system to function as specified
and otherwise comply with the Contract Documents. The CONTRACTOR shall
supply all necessary material, labor and equipment for these tests.

D. Start-up shall include simulation of all activation and alarm levels for pumps.
Simulation shall be performed by manually tripping the floats. The CONTRACTOR
shall provide all equipment necessary for start-up tests.
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Pump Control System Design
Sauget Area 2 Interim Groundwater Remedy

Background
Three extraction wells will be installed on the upgradient side of the barrier to remove
groundwater that flows into the "U"-shaped barrier wall. The pumping rate of the three
wells will be based upon river stage. To provide efficient continuous pumping rates
associated with changing river levels, variable frequency drives (VFD) will be used to
control the speed of the individual pump motors. The range of the combined pumping
rates for the three pumps is 0 gpm to 950 gpm (Table 1).
Control System Overview
Pumping rates will vary with river stage. River stage levels will be transmitted to a
system controller that will interface with variable frequency drives to control the speed of
the pump motors. A flow meter will be installed at each extraction well to monitor the
flow rate.
The system controller will provide remote access to off-site users via conventional dial-
up modern for data downloading and monitoring purposes.
Control System Components
The primary components of the pumping rate control system consist of the following
items:

• River Stage Transmitter
• Measurement and Control Unit (MCU)
• Power Distribution Panel
• Variable Frequency Drives
• Flow Meters

A system block diagram is provided in attached Figure 1.
The system controller will receive river stage readings from a submerged 4-20 ma
pressure transducer located in a stilling well mounted to the existing river pier in the
northwest portion of the site. The river stage readings will be transmitted to the system
controller using a spread spectrum radio link. The river stage transmitter will be battery
powered, recharged by a solar panel. The frequency of river stage level readings will be
hourly.
The system controller will consist of a fully programmable intelligent measurement and
control unit (MCU) that will convert river stage level to required pumping rate based
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upon a look-up table (Table 1). The MCU will output an analog signal to the variable
frequency drives (VFDs) to control the pumping rate. The MCU will store river level
readings and combined pump flow rate data for long term monitoring purposes. Each
WD will output its flow rate to the MCU to allow storage of each individual well's flow
readings. The system controller will provide for a remote Start/Stop switch located
elsewhere. Off-site users will be able to access the MCU over conventional dial-up
modems to retrieve the data.
There will be alarms programmed into the system controller to annunciate pump
stoppages or loss of electrical phase. Alarms will be routed to the MCU and the MCU
will call appropriate personnel for alarm acknowledgement.
Pumps will be operated using 480vac, 3-phase power. A power distribution panel will be
located within about one thousand feet of the pumps and the VFDs and the system
controller will be located adjacent to the power panel location.
Control System Details
River Stage Transmitter

The river stage station will use a Druck PDCR 1230, 4-20ma titanium body transducer
with built-in surge protection mounted in a stainless steel stilling well. Mounted at the
top of the stilling well is a battery, recharged via a 20w solar panel, and a 4-20ma Omnex
or Adcon transmitter using a spread spectrum radio. River level data will be transmitted
to the MCU each hour. (Manufacturer cut-sheets and specifications are provided in
Attachment A).
Measurement and Control Unit

The Geomation 2380 measurement and control unit (MCU) will receive signals from the
river stage station via radio and convert them into engineering units of feet elevation
(above mean sea level, amsl). From the river stage information it will use the lookup
table contained in the next section to determine the pumping rate. A 4-20ma analog
signal will then be generated and sent to each of the three variable frequency drives
(VFDs). The MCU will also store the data from each of the VFDs for the values of
pumping rate. If the pumps stop for some reason an alarm will be instantly generated by
the VFD and the received fault signal at MCU will result in the MCU logging the event
and dialing, via the phone line, to notify the appropriate personnel. The river stage,
individual flow readings, and total flow reading will be stored and time stamped each
hour. The stored data will then be available via dialup modem for transfer to any other
database for reporting and plotting purposes. Data will be stored in the MCU for up to
one years' worth of readings. The MCU will also have the capability to receive a remote
signal from either hardwire, modem, or radio to start or stop the entire system. Detailed
manufacturer information and technical specifications are provided in Attachment B.
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Power Distribution Panel

The power distribution panel will be sized to accommodate power connections for the
three pumps with individual disconnects. There will also be disconnects at each well
location. A small pump power panel, along with the VFDs will be located next to the
wells. The distance of the power distribution panel should be within one thousand feet of
the VFDs. All of the wiring from the power distribution panel to the pump, well, and
VFD area will be installed in buried conduit. All power for the VFDs and the pumps will
be 480vac, 60hz, 3 phase. There will also need to be a separate breaker and a separate
120vac circuit needed at each well location. 120vac power and a telephone line, each in
separate conduits, will be needed at the MCU location.
Variable Frequency Drives

A Reliance Electric SP600 variable frequency AC drive (VFD) will operate each pump
motor. The VFD will allow variable speed operation of the pump motor and allow a
variable pumping flow rate to be achieved by each pump motor. By using a flow meter at
each pump output, the flow meter's 4-20ma output will provide a feedback signal to the
VFD to allow closed loop operation of the pumps to keep them operating at the flow
(gpm) set point provided by the MCU to each of the VFDs. Each VFD will also provide
a 4-20ma output signal of the flow rate to the MCU for data logging purposes. The VFD
will provide switch closure signals to the MCU to indicate fault conditions. As
previously described, the MCU will then generate an alarm.
Each VFD will be fully programmable for motor pumping operations and have a display
control panel to indicate flow rate, operational parameters, and motor condition. The
display panel will also allow motor operation configuration and diagnostics.
Detailed information regarding the VFDs is presented in Attachment C.
Flow Meters

Two sizes of Endress & Hauser flow meters will be used. One 3" flow meter will be
used at each of the well locations and a larger unit for the totalized flow from all three
pumps. Each of the smaller flow meters outputs will be used for flow and feedback to the
VFD. The larger totalized flow meter output will be used to measure the combined flow
of the three pumping wells. All of the flow meters will use 4-20ma outputs.
Manufacturer literature and specifications for the proposed flow meters is provided in
Attachment D.

Equipment web pages and .pdf links:
http://www.druck.com/usa/products/us-ptxpdcrl230.pdf
http ://www. reliance.com/prodserv/standriv/sp600/
http//www.reliance.com/prodserv/standriv/sp600/literature/d2987.pdf
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http://www.geomation.com/products/2380Data.pdf
http://www.adcon.at/adcon/english/adcon/docs/4-20ma_e.pdf
http://www.omnexcontrols.com/wireless/hs900/hs90Q.html
http://www.omnexcontrols.com/wireless/downloads/hs900dinspecsheet.pdf
http://www.endress.com/
http://www.franklin-electric.com/Subm text/sub.htm
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Table 1
Pumping Rate Lookup Table

River Stage (ft, amsl)
430
413
412
4 1 1
410
409
408
407
406
405
404
403
402
401
400
399
398
397
396
395
394
393
392
391
390
389
388
387
386
385
384
383
382
381
380
379
378
377
376
375
374

Pumping Rate (gpm)
0
0

25
50
75
100
125
150
175
200
225
250
275
300
325
350
375
400
425
450
475
500
525
535
550
575
600
625
650
675
700
725
750
775
800
825
850
875
900
925
950

River Elevation Comments
Highest Recorded River Elevation

High Monthly Average Flow

Average Monthly Average Flow

Low Monthly Average Flow

Lowest Recorded River Elevation
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ATTACHMENT A
RIVER STAGE TRANSMITTER COMPONENTS
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Druck
PTX/PDCR 1230

Depth & Level
Pressure Sensors
• ± 0.25% accuracy
• Excellent stability
• All welded titanium construction
• Backed by 5 year corrosion warranty
• FM, CSA intrinsically safe, CE marked

The 1230 Series submersible/depth pressure
transducers are specifically designed for depth/level
measurements in the groundwater, well water, canals,
rivers, and other similar applications. The titanium
construction assures excellent life in the most hostile
environments, including corrosive and hazardous
chemical applications. Druck backs its titanium
construction with a 5 year corrosion warranty.
Standard vented cable is polyurethane; tefzel cable is
available on the 1280 Series Sensors.
The 1230 Series sensors are ideal for use in
applications where smaller size is an advantage, such
as municipal water supply wells, leachate wells,
irrigation projects, etc. The titanium construction also
makes the devices suitable for seawater measurement
applications.
An advanced micromachined silicon piezoresistive
pressure sensor provides excellent performance and
resistance to shock and vibration. A tough,
polyurethane cable is molded to the transducer body,
providing a high integrity, waterproof assembly. The
cable is strengthened with kevlar so that there is no
measurable elongation when the cable is lowered into
deep wells.
The fully isolated, titanium design ensures long term
reliable measurements in water and wastewater
management, industrial, process and marine
applications.

USPTX 1230 - PDS-A066 - 10/99



STANDARD SPECIF ICATION
Operating Ranges
1 . 2 .5 psig;
5, 10. 15, 20. 30, 50, 75, 100, 150, 200, 300
500, 900 psia or psig
Other pressure units can be specified.
Overpressure
1 psig 10X
2.5 psig 6X
5 psig and up 4X
2000 psi max
Pressure Media
Fluids compatible with titanium and
polyurelhane
Transduction Principal
Piezoresistive micromachined silicon strain gauge
Combined Non-linearity, Hysteresis, and
Repeatability
< ± 0.25%FS BSL for all ranges
Improved accuracy available
Temperature Effects
± 1 . 5% TEB for ranges of 5 psi and above
± 2.0% TEB for ranges below 1 and 2.5 psi
Resolution
Infinite
Insulation Resistance
100 Megohms @50 Vdc
Relative Humidity
0 to 100%
Operating Temperature Range
-5° to + 140°F Ambient
Compensated Temperature Range
30° to 86°F

E l e c t r u : n l Ch iU i i c lMns l i c s

Output
PTX 1230
2-wire. 4-20mA 9-32Vdc Excitation
PDCR 1230
25mV nominal for 1 psi
Range 50mV nominal for 2.5 and
5 psi range
100mV nominal for ranges 10 psi
and above
Output is ratiometric to 10 Vdc supply
Mechan i c a l ChaMc t e n s t i i ' s
Sensor Body
Titanium
Measurement Diaphragm
Titanium
Pressure Connection
Depth cone with radial inlet holes
Electrical Connection
Vented polyurelhane cable
(specify length)
Diameter
0.69"
Weight
5oz nominally (excluding cable)
Safety
FM & CSA intrinsically safe
Class I, Div 1 Groups A, B, C, D
EMC Emissions EN50081-1
EMC Immunity EN50082-2
Certification CE Marked
Ingress Protection
NEMA 6 (IP68)
Compatible Fluids
Any fluid compatible with titanium and
polyurethane

A) Sinkweight
B) Monitor leads (PDCR version)
C) Cable clamp

ASSOCIATED PRODUCTS

1280 Sent
DPI-280
STE - 1 10
SCU-220

DPI-610
Lightning Arrester

Vented tefzel cable
Digital display
Sensor termination
enclosure with desiccant
Sensor termination
enclosure with desiccant
and 4-20mA elecuonics
Portable Pressure
Calibrator
P/N MDK-24 for PTX
MDK-LC for PDCR

ORDERING INFORMATION

Please state the following
(1) Type number
(2J Pressure range
13} Cable length
14} Options required

For non-standard requirements please
specify in detail.
Shipping, Storage and Handling
Each transmitter is purged with clean
dry nitrogen and shipped with desiccant
to present moisture ingress during transit.
Continuing development sometimes
necessitates specification changes
without notice.
Druck is on ISO 9000
registered company.

INSTALLATION DRAWINGS Dimensions in inches

PDCR 1230

PTX 1230

Lef»Qth to Of etof

M14x 1 5 exposed thread
with nose cone removed

M l4x 1 5 exposed thread
with nose cone removed

PDCR 1230
Electrical Connection
Vented polyurethane cable
Red Positive supply
White Negative supply
Yellow Positive output
Blue Negative output
Shield connected to case
Any other conductors not connected.

PTX 1230
Electrical Connection
Vented polyurethane cable
Red Positive supply
Black Negative supply
Shield connected to case
Any other conductors not connected.

Druck

Druck Incorporated
4 Dunham Drive
New Fairfield, CT 06812
Tel: (203I-746-0400
Fax: (203I-746-2494
E-Mail: usa.sales@druck.com
http://www.druckinc.com

USPTX 1230 - PDS-A066 - 10/99



420mA RADIO UNK TECHNICAL CHARACTERISTICS

1

• Up to 1 mile (1500m) line of sight range
• Matched transmitter/receiver pairs means
easy plug & play installation

• Transmitter accepts up to four
4-20 mA inputs

• Receiver outputs up to four
4-20 mA signals

• Approved for FCC License-free operation
• 12 bit resolution, 0.02 % precision for high
accuracy applications

• 31 mW transmission power
• Frequency: 902 - 928 MHz in the ISM band
• User selects from 8 discrete intervals
determining how often output is refreshed
and updated (increments range from
1 second to 30 minutes)

• In power saving mode the sensor is only
on while the radio is transmitting

• Power consumption (maximum):
Receive: 85 mA
Transmitt: 185 mA

• IP 67 Housing for waterproof operation

A D C O N T E L E M E T F
I N K U S T R A S S E 2 4
A-3400KLOSTERNEUBURG
A U S T R I A

T E L : + 4 3 ( 2 2 4 3 ) 3 8 2 8 0 - 0
F A X : 1 - 4 3 ( 2 2 4 3 ) 3 8 2 8 0 - 1
h u p / ' * w w a d c o n c o m
e -m a i l : m f oS > a d c o n . c om Smart wireless solutions



OMNEX
CONTROL SYSTEMS INC

Transmitter

HS-900 HopLink
Cordless Wire™

Specification Sheet

Bldg. 74 -1833 Coast Meridian Road
Port Coquitlam, BC Canada V3C 6G5

Telephone (604) 944 9247
Facsimile (604) 944 9267
Toll-free 1 800 663 8806

Web Site: www.omnexcontrols.com
E-mail: sales@omnexcontrols.com

The HS-900 wireless transmitter is designed to replace cable for
process control signals. It has one (1) 4-20mA input and two (2)
discrete inputs (on/off) on the transmitter, which are then
replicated as outputs at the receiver. It uses the license free
902-928MHz band and OMNEX's proven Frequency Hopping
Spread Spectrum technology designed for use in high
interference environments. As for reliability, just ask any
OMNEX sales rep about the thousands of pieces of heavy
machinery HopLink radios control.

Receiver

Engineering Specifications HS-900-DIN (p/n : ASYS-2123-01 )
Range

Inputs/Outputs

Impedance
Repeatability
Accuracy
Wiring Connections
Mounting
Power
Power Consumption
Frequency
Transmit Power
Channel Hopping
RF Bandwidth
Rx Sensitivity
Unit ID
Approvals
Certifications
Environmental
Rating
Antenna Connector
Antenna Impedance
Approved Antenna
Gain
Dimensions
Weight
Temperature Range
LED Indicator(s)

Transmitter
600-1000' (180-305m) in-plant [obstructed]; 4-5 miles (6-
8km) LOS with omni antenna; 20+ miles (32+km) LOS
with Yagi antenna
One ( 1 ) 4-20mA analog
Two (2) 5-30VAC/DC discrete

Analog Input: 250 ohms
N/A
N/A
12 to 24 AWG screw type terminals, terminal blocks are
removable
DIN rail mount
9-30VDC regulated
8.4 Watts peak (transmission spikes), 1 .8 Watts average
(continuous)
902-928MHZ (License Free ISM Band)
1 Watt
FHSS - 252 channels
10kHz
N/A
1 6-bit coding of each transmitter/receiver pair - allows
multiple units to be used in the same area
FCC (ID) - IA9FHS900T
ISC (Canada) - 13381021735
CSA, UL listed (USA, Canada), Class 1 Div 2 (Groups
A, B, C, D)
NEMA 1 (Equivalent to IP 30)
MCX (female)
50 ohms
6dB maximum (higher gain is allowed if the gain above
6dB is lost in cable and connectors)
4" x 4.5" x 0.7" (102mm x 114mm x 18mm)
4.6oz(130g)
-40°to158°F(-40°to70°C)
Three (3) green; one (1 ) for transmitter status and the
other two (2) for discrete input status

Receiver
600-10001 (180-305m) in-plant [obstructed]; 4-5 miles (6-8km)
LOS with omni antenna; 20+ miles (32+km) LOS with Vagi
antenna
One (1) 4-20mA analog (12-bit resolution) and three (3) dry
contacts offering NO and NC terminals rated at 120VAC, 0.5A (1
dry contact is for the RF link status and the other 2 reflect the
status of the discrete inputs)
Analog Output; Maximum loop impedance is 250 to 1 ,150 ohms
for power supply voltages of 9-30VDC*
Current Loop: 0.02%
Current Loop: 0.2% of Full Scale @ 77°F (25°C)
1 2 to 24 AWG screw type terminals, terminal blocks are
removable
DIN rail mount
9-30VDC regulated
2 Watts (includes 4-20mA current loop)
902-928MHz (License Free ISM Band)
N/A
FHSS - 252 channels
10kHz
-115dBm
Multiple receivers can be configured to receive signals from a
single transmitter - specify when ordering
FCC (ID) - IA9FHS900R
ISC (Canada) - 13381021736A
CSA, UL listed (USA, Canada), Class 1 Div 2 (Groups A, B, C, D)
NEMA 1 (Equivalent to IP 30)
MCX (female)
50 ohms
There is no limit on antenna gain for receivers
4 " x 4 . 5 " x 0 7 " (102mm x 1 14mmx 18mm)
4.6oz(130g)
-40°to158°F(-40°to70°C)
Three (3) green; one (1 ) for RF link status and the other two (2)
for discrete output status

Max. Loop Impedance = (Supply Voltage - 7) x 50 Specifications subject to change without notice

Last Edited March ~. 20K
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ATTACHMENT B
GEOMATION 2380 MEASUREMENT AND CONTROL UNIT (MCU)

'
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PRODUCT DATA

2380 SERIES MCUs

2380/80 MCU 2380/20 MCU

APPLICATIONS
Geotechnical & Structural
• Monitoring Large Civil Construction
• Dam Performance Monitoring
• Dam Early Warning Systems
• Slope Stability Monitoring
• Tunnel & Mine Monitoring
• Bridge & Building Monitoring
• Pipeline Strain Monitoring

Industrial Facilities
• Water Collection & Treatment
• Water Storage & Distribution
• Canal Monitoring & Regulation
• Irrigation System Control
• Gas Well Automation
• Equipment Performance Monitoring
• Energy Distribution &

Accounting

Environmental
• Water Quality Monitoring
• Stormwater & Discharge

Monitoring
• Conditional Sampling Control
• Flood Warning Systems
• Air Quality Monitoring
• Electronic Weather Stations
• Groundwater Remediation

FEATURES
Configuration Flexibility
• MCUs Operate Stand-Alone or

in Multi-Node Networks
• Plug-In I/O Modules Provide

Application Flexibility
• Model 20 Accepts One or Two

I/O Modules
• Model 80 Provides Expansion to

8 I/O Modules
• Model 80 Suitable for Industry

Standard 19" Rack Mounting
• Engineered Weatherproof

Enclosures and Accessories Make
Field Installation Easy and Reliable

Operation & Functions
• GEONET™ Suite Provides MCU

Programming, Data Logging and
Data Reporting

• PCMCIA Card Data Storage for
Buffering or Data Retrieval

• PCMCIA Adapter Supports
Telephone & Satellite Terminal
Modems

• Built-in Communications Features
Make 2380 MCUs Network-ready

• Internal or External Battery
Operation with Built-in Charging

• Battery Recharging by AC, Solar or
Both; Ultra Low Power Modes
Allow Replaceable Battery Operation

Test & Maintenance
• Plug and Header Field Wiring
Terminals for Easy Testing

• MCUs and I/O Expanders are
Modular for Quick Field
Replacement

• Front Access to All Controls.
Indicators and Wiring Terminals

• Simple Diagnostic Indicators
Eliminate Guesswork in the Field

• Remote Diagnostics are Provided
through GEONET Suite

• Integral Protective Grounding
System and Effective Transient
Protection

Pan Nn 1)7 HX)J!- <X> I Rev X



PRODUCT DATA
2380 Series MCUs

INTRODUCTION
The 2380 Series Measurement & Control
Units (MCUs), together with GEONET
Suite PC software, provide a comprehensive
system for field data acquisition and control.
Whether your application is for a stand-alone
Held data logger, or a mission-critical real-
time network with hundreds of field nodes,
Geomation 2380s are the building blocks that
make it easy, predictable and cost effective.
Also, 2380s are backward-compatible with
existing System 2300 networks, requiring
only an upgrade to GEONET Suite and
Windows 95, 98 or NT.

The 2380 is a third generation standard
product MCU from Geomalion, building on
the features and capabilities of our innovative
System 2300 introduced in 1986. The 2380,
employing advanced electronics and software
technology, brings substantial improvements
to the internationally proven Geomation
System 2300 architecture. The 2380 MCU,
with the new System 2300 data server.
GEONET Suite, introduces new capabilities
for linking field-distributed instrumentation
with enterprise information management
systems using open-architecture 32-bit
database technology. (See separate Product
Data on GEONET Suite.)

System Costs and Economies
Historically, the economic advantages of the
Geomalion System 2300 have been most
apparent to customers who have experience
with field automation in one of the following
ways:

1) Users with prior experience in field
instrumentation systems often recognize the
substantial expense of system integration that
is avoided by the "total system solution"
provided by the Geomation System 2300.

2) Many SCAD A System users have endured
the frustrations of working with systems
implemented with custom software
components. Almost without exception,
custom implementations fail to meet
objectives without substantial and costly
on-going support. Custom software support
at any price eventually becomes nonviable on

hardware and software platforms that reach
obsolescence.

Many of these users have been quick to
recognize the value of standard products
which can be user programmed to meet their
initial and changing needs.

To a large extent, the cost advantages of
the System 2300 have been most apparent
to people having relevant experience and
therefore a practical basis for understanding
the impact of system architecture on "cost
of ownership". When product capabilities
are not well conceived from a total system
standpoint, or they are incomplete requiring
custom low-level software development, then
the costs of system use and technical support
far exceed the initial cost of the equipment.

The economic benefits of the System 2300
today are based on the same issues that
have contributed to its success over the
last decade. Specifically, the total system
solution provided by the System 2300
mitigates significant cost in the areas of
installation, system start up and ongoing
support. In short, an umbrella of capability
minimizing technical risk comes to the
customer straight out of the box from Geo-
malion.

With the introduction of the 2380 MCU, the
System 2300 is now even more economical
in the initial purchase price, installation,
and ongoing support for a wider scale of
applications than ever before.

Stand-Alone Data Loggers
The new PCMCIA Adapter allows the 2380
to operate as a stand-alone field data logger.
without a PC connection. Data logged
to an optional on-board PCMCIA memory
card in the 2380 can be read by your
laptop or desktop PC equipped with a
standard PCMCIA adapter. Programming
modifications can also be transferred to
field-deployed MCUs with PCMCIA memory'
cards, eliminating the need to take expensive
laptop computers to the field.

Even further, as a logging destination
node in a multi-node network, the 2380
MCU introduces an entirely new class of
datalogger: a field distributed data logger

The distributed data logger is a practical
configuration for widely separated
instruments. A wireless network can provide
easy data transport to a single, accessible
logging location where the data can be easily
retrieved.

Progressive installations are often desirable
in construction monitoring situations. 2380s
allow economical data logging during
construction, and they are easily connected
into multi-node networks foe long term
performance monitoring when the new
structure is completed. The System 2300 can
begin as one data logger, then two, and so
on, and finally be connected as a real-time
monitoring system. The 2380 MCU allows
this to be done without cost penalty, either up
front or at the end.

Field Networking Anywhere
A hallmark of Geomation technology over
the history of the System 2300 has been
the innovative and robust user configurable
networking capability. Geomation MCUs
are network-ready by design. MCUs can
be linked by radio, wireline, microwave and
public communication networks (including
satellite).

2380 MCUs support a minimum of three
concurrent inter-node connections, all of
which can be different physical connection
types. Communication capabilities support
bridging and repeating to allow transitions
from a wireline sub-network branch to a radio
sub-network branch. As another example,
one node in a field deployed radio network
can be located near a telephone line
or a satellite terminal, providing remote
project linkage for all MCUs to a distant
GEONET Workstation through a public
communications access point. These
examples of inter-networking satisfy the
often required bridging from Remote Area
Networks to Wide Area Networks.

Measurement and Control Systems
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INTRODUCTION (continued)
Private microwave or satellite networks can
be used in the same way to extend wide area
coverage. These capabilities allow practical,
low cost field deployments in virtually
any project situation, making optimum use
of existing communication infrastructures.
All connections, including telephone-switched
connections, are user configurable through
GEONET.
Enterprise Connections
With the new SQL database provided in
GEONET Suite, the System 2300 supports
open-architecture client/server operation for
on-line data management, analysis and
decision support throughout customer
organizations. Other client software programs
supporting the ODBC (Open Data Base
Connectivity) industry standard, running on
Windows 95,98 or Windows NT can inter-
operate seamlessly with GEONET as a real-
time data server. As an example, graphic
Operator Interface (OI or MMI) and data
analysis programs can inter-operate across the
enterprise with real-time field data served by
the System 2300.

System Scalability
Scalability is a concept for modeling the
economy and practicality of different system
architectures for applications of varying
dimensions. These dimensions typically
involve the number of connected devices,
and the spatial as well as environmental
distribution of the devices. Designing
automation systems for high Scalability in
remote and harsh environments requires
special consideration for resources that are
taken for granted in systems used strictly in
plant or factory environments.

Scalability for arbitrary field automation
situations must address the communication
requirements for both wide-area, and local/
remote-area deployments. On a smaller scale,
at the MCU, practical range is imposed for
critical resources. When the Remote Unit
is located in harsh environments, marginal
resources can have a dramatic effect on
system reliability and performance.

Major issues include: a) range and cost of
I/O expansion, b) ease and practicality of
networking multiple nodes in the target
environment, c) adequacy of communication
bandwidth and system throughput time vs.
I/O loading, d) adequacy of power resources
at remote nodes for the required
instrumentation, data measurement and
communication rates, and e) environmental
integrity of the electronics packaging in
outdoor installations.

The System 2300 is a general purpose system
designed for adaptation to a variety of field
automation applications and specific project
requirements. The success of the System
2300 comes from high Scalability in system
architecture while supporting extensive user
programmability for measurement, control
and communication functions. Successful
system configuration is easy in spite of
inevitable variations in application and
field conditions. Perhaps most important,
flexibility has been implemented in a way
that does not compromise the overwhelming
benefits of standard products: reliability,
predictable performance, cost, and long-term
support.

The 2380 MCU improves System 2300
Scalability on every design issue. The most
apparent for existing customers is I/O scale.
Our historical product line had evolved into
two different MCUs to handle variations in
I/O scale: The 2350 for large I/O expansion
and the 2370 for small I/O count.

The new 2380 MCU is more economical,
simpler, and easier to use over a broader
range of I/O requirements. Therefore,
the 2350 and 2370 MCUs are now both
succeeded by the 2380 MCU.

Universal I/O Support
The 2380 MCU is designed to interface
to virtually all industry standard analog
type transducers and sensors In addition,
MCUs have built-in resources to measure
some of the more specialized devices
used in hydrological, environmental, and
geotechnical applications. Examples include
rotary position encoders for water level
measurements, digital interfaces for multi-

parameter water quality instruments, and
vibrating wire sensors used in civil
construction applications.

The 2380 has built-in resources for wide
dynamic range voltage, resistance, current
and frequency measurements, with various
excitation sources and operational modes.
Field-pluggable I/O Modules support the
physical connection, signal routing and
multiplexing requirements of a wide range of
transducers, sensors and device actuators.
Application flexibility is accomplished by
selecting the appropriate I/O Module(s)
and invoking the measurement (and control)
functions built into MCU firmware using
GEONET. The enabling of instrumentation
functions is downloaded to the MCU locally
through a serial port, remotely over a
network, or via a PCMCIA card.

Environmental Integrity
Exclusive use of industrial and military grade
CMOS electronics assures compatibility with
temperature extremes for outdoor
installations.

The 2380 MCU has been designed with a
very high level of systems integration.
The result is a reduction in component
count and inter-connections, with increased
reliability. High integration also permits
more reliable and compact enclosure designs
for outdoor environments, with improved
defenses against vandalism.

Simple System Operation
The Geomation System 2300 has long
been recognized for its ease of operation
and user configurability. The high-level
user programming methodology facilitated by
GEONET leads to the creation of reusable
"software instruments".

The 2380 MCU and GEONET Suite extend
the usefulness of the software instrument
concept by introducing user defined
instrument Groups and DataSels. Croups
and DataSets allow arbitrary groupings and
preprocessing of data for exporting to Excel,
Word, and other analysis programs.

Measurement and Control Systems
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MCU ARCHITECTURE
Installation & Maintenance
The 2380 MCU has been designed with
simple diagnostic indicators visible from
the front panel for all essential functions:
power, charging, communication ports, and
all I/O points. Simple LED indicators
provide unambiguous information regarding
proper operation, without language barriers.
Installation and maintenance is easier for
people without specialized skills.
High Integration & Modularity
The 2380 MCU architecture employs
advanced electronic technology to implement
very high integration of all essential
functions. In addition, the base instrument
includes the foundation resources to support
strategic optional capabilities. Plug-in
options are provided for the functions
and interfaces which vary according to
application requirements. The benefits of
2380 architecture are the reliability and
economy which result from high integration
of all base functions, and the adaptability
offered by plug-in modularity for the
variable instrumentation, data storage, and
communications requirements.

The 2380 Architecture includes an extensive
library of built-in software functions, which
allows MCUs to be easily field-configured
to fit specific user applications. Most
importantly, application-specific
configurations are allowed with a minimum
of system components and complexity
exposed to the user.

In addition to MCU options, Geomation
provides a complete complement of
engineered accessories for reliable installation
and maintenance. The extent of 2380 Series
MCU capabilities and the completeness of
the Options and Accessories which work
in concert with 2380 MCU architecture
minimize the costs and difficulties of
installation and maintenance. A further result
is that standard product reliability and product
warranties are offered at a higher "total
system solution" level with the System 2300.
The 2380 Series MCU Block Diagram

identifies the base functionality included in
the 2380 MCU architecture, and shows the
general relationships of these functions to one
another. Geomation provided optional plug-
in functions are also shown in the diagram.
The Specifications section of this document
describes interfacing capabilities to certain
external devices and protocols.

Distributed Multi-Processing
The 2380 MCU main system microprocessor
interfaces with all MCU hardware via a real-
time, multi-tasking executive kernel. The
multi-tasking environment allows the MCU
to process multiple tasks efficiently, without
error, and in proper sequence in spite of
the unpredictability of task execution which
results from arbitrary user programming.

I/O Modules have separate microcontrollers,
with support for multi-processing and bus
mastering with the main CPU bus. This
means, for example, that the main CPU
can go into a deep-sleep mode, conserving
power, while certain types of I/O Modules
remain fully operational with very low power
consumption. The I/O Modules can wake up
the main CPU in case of an event requiring
CPU resources (e.g. , communicating an alarm
event to the specified logging destination).

In the general architectural model for
processing and memory resources, the main
CPU can handle all tasks for a fully-loaded
MCU with any allowable complement of
installed options.

Time-Keeping & Synchronization
The fundamental difference between MCUs
and the Remote Terminal Units (RTUs)
of conventional SCADA system architecture
is that MCUs are functionally autonomous
for local data acquisition, control and
communication, while RTUs execute tasks
under the timing and direction of a host
computer. In other words, MCUs employ a
distributed intelligence architecture in normal
system operation.
Even though MCUs operate autonomously,
they are not isolated. MCUs can share

information with each other (peer-to-peer
communication) to implement distributed
control or wide-area regulation strategies,
with central intelligence if required. For
remote environments, particularly those with
limited power and communication bandwidth,
distributed-intelligence is the most
economical and effective architecture.

Autonomous operation requires MCUs to
know about absolute as well as relative
time. Furthermore, MCUs can be deployed
over multiple time zones in wide area
networks, reporting data to computers in
more than one time zone. To assure
proper synchronization and reporting of the
local time of measurements and events,
2380 MCUs maintain a UTC (Universal
Time Coordinate) consisting of Greenwich
Mean Time (GMT) plus the geo-coordinate
deviation from GMT. MCU clocks are
synchronized to GMT by GEONET. MCUs
maintain GMT so that they do not get reset
improperly by connection with a "foreign"
GEONET Workstation. The MCU informs
GEONET of its UTC for correctly reporting
the date and time of data events.
MCU SPECIFICATIONS

Processor: Intel 80L186EC
Program Memory: Flash EPROM,
256Kxl6, field loadable, jumper protected
boot block, low-level diagnostic and
download monitor
Data & Configuration Memory: 256Kxl6,
non-volatile static CMOS
Mass Storage: PCMCIA solid state disk
option
Clock/Calendar: Non-volatile
Accuracy: ±3 sec/month (20°C)
Temperature Coefficient: 50 ppm/°C
UTC reporting to GEONET Stations
Watchdog Time-out Interval: 1.2 sec
Fail-safe Timer Interval: 24 hr
Audible Diagnostic Indicator

Measurement and Control Systems
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MCU ARCHITECTURE (continued)

2380 Series MCUs

^E
MCU Internal |

Radio | Z)
' Option i

Mxit-Dn (&&( —— \

1 »««••- ]^| Stonf.0tti.il. J —— /

1 PSTNIUiWU . ——— k
| •«*<. Opta* ' —— /

1 Straid SWM . —— k.
| HOP-1 Oplton 1 ——— 1

Radio
Interface
(RAN 2)

X

Wlrellne
Interface
(RAN1)

X

RS-232/485
Serial UO Port

(E IA1 SIO)

X

PCMCIA
Type II Slot 1 a

3

PCMCIA £
Type II Slot 1

"a-, *§: —— ;

X

Multi-Mode
Charger

X

1
Internal or
External
Battery

X

> .
v

a h

H
v

rH
^

—
y
V

s

"' *' B °

Main CPU

Intel
80L186EC
Processor

Real-Tlme
Executrve

Flash
Program
Memory

MCU
Software
Libraries

Battery-Backed
RAM

Memory

X̂ ^ ^.^_^^^

Power
Conversion
Systems

X

V . . . . . . . >CPU Address & Control Bus ]
1

'!"•

I *w

<***

•P""

(P«™&
V

s

Precision
Analog-Digital

Converter
X

CPU
Controlled

V4 I
Exdtallon
Sources

x >

Intel 8051
Controlled
Frequency

Measurement
Sub-system

X >

Watchdog
Timer

Execution
Clock

&
UTC

Calendar
Clock

X

Fail-Safe
Timer

X

,r
P
1

.
|

r«

I

IS

^1

i
a
i

s

I/O Module
Slott

I/O Module
Slot 2

K

[_ASMj

|Ml6~lMicrc-Controllef L_ — J
Based 1 E!| |I/O Modules l_ _ J

1 DOlTlOptional ̂ ""j
Fi.ld-P.ugs*,. ( E X O |

1_ _ J. S
1 IA^!

§is
i
^

VO
Eu

nnd
ir

I/O Module
Slot 3

UO Module
Slot 4

I/O Module
SlotS

UO Module
Slot«

UO Module
Slot 7

I/O Module
Slots

X X X

H
s

r
s

4
s it

4
s
It

X
It

t

2380 Series MCU Block Diagram - 2380/20 & 2380/80

Measurement and Control Systems
PPan No 1)7 -XJOMUJLKrv X



PRODUCT DATA
2380 Series MCUs

MCU SPECIFICATIONS (continued)
Communication Ports
• EIA 1 SIO: Serial Interface (Standard)
RS-232/RS-485: Software auto-switched
Functions: GEONET Communications
Protocol (GCP), Geomation 2390 Series Field
Instrument Transponders (FTTs). external
RS-232/RS-485 connections to 3rd party
intelligent instruments
Transient Protection: 600W suppressor
diodes, ±15 V common-mode voltage
Connector: 8-pin miniature circular DIN
Indicators: Front panel LEDs: CD, Rev,
Xmt

• RAN 1 : Wireline Interface (Standard)
Configurations: 2-wire/4-wire, field
strapable
Interface: transformer isolated, 6001}
Signaling: CCITT V.23, 1200bps, FSK
Transmit Levels: +3 dBm. 0 dBm, -3 dBm,
•6 dBm, -12 dBm, -16 dBm, field selable
Receiver Threshold: 43 dBm, 2.5 dBm
hysteresis
Adjustments: CD level, FSK symmetry
Indicators: Front panel LEDs: CD, Rev,
Xmt

• RAN 2: Radio Interface (Standard)
Function: Supports internal Geomation radio
transceiver option
Signaling: CCITT V.23, 1200 bps, FSK
Adjustments: CD level, FSK symmetry
Indicators: Front panel LEDs: CD, Rev,
Xmt (See Radio Option for transceiver
specifications)

• EIA 2: Telephone Modem (Optional)
Interface: PCMCIA Adapter
(See Telephone Network Modem option for
specifications.)

• SDI-12: USGS Fieldbus (Optional)
Interface: Implemented through the EH
(Environmental Instrument Interface) I/O
Module
Communication Protocols
• INTER-UNIT PROTOCOL:
GEONET™ Communications
Protocol (GCP)

Type: Proprietary peer-to-peer packet
protocol based on SDLC

Error Detection Algorithm: CCITT
CRC-I6
Link Security: Node-to-node verification
and acknowledgment
Network Security: Source node message
buffering until end-to-end verification and
acknowledgment
Network Services: Field programmable
and adaptive message routing. Store-and-
forward message routing, repeating and
bridging. Message forking to multiple
logging destinations.
Application Services: Link failure detection
and alarming, with link re-routing capability
Physical Link Support: Point-to-multipoint
wireline, radio, microwave, fiber-optic.
Point-to-point RS-232, auto-dial/auto-answer
PSTN (including cellular).

• FIELD INSTRUMENT PROTOCOLS
Partial list of intelligent instrument drivers
implemented in the 2380 MCU, with
configuration interfaces implemented in
GEONET™ Suite:
Geomation: 2390 Series Field Instrument
Transponders (FTTs)
LSGS: SDI-12 low-power fieldbus
PCMCIA Interface
Physical: Standard PCMCIA interface
supports 5 V or 5V/3V PCMCIA cards
Slots: Two Type IT
Software Support: Geomation supplied
optional mass storage memory cards,
telephone modem card, serial I/O card, and
parallel digital I/O card.
On-Board Diagnostic Measurements

The system measures and stores by default
the following parameters related to the health
and well-being of the MCU and its critical
subsystems and resources.
Unit Temperature
System Battery Voltage
Charging Voltage
Backup Battery Voltage
Fully Charged Battery: Front panel LED
indicator
Charger Mode State: Front panel LED
indicator

Communication Port Statistics
Reboot Counters
Calibration Constants: Reference voltages,
resistance standards, frequency
Frequency Measurement Subsystem

• EXCITATION
Mode and timing parameters user selectable
on an individual measurement channel basis
Single Chirp: Swept square wave from
300Hzup t o l ,2 , 3 ,4, or 5kHz
Double Chirp: Swept square wave followed
by a gated square wave at the frequency of
best response
Specified Sweep: Swept square wave from
specified starting and ending periods
Duration: 0, 50. 100, 200, 300, 400, or
500msec
Amplitude: lOVp-p. zero DC component

• RECEIVER
Bandpass Amplifier: 400Hz to 5000Hz
Sensitivity:
450Hz to 5500 Hz <0.1 mV RMS
250Hz to 12000 Hz < I Om V RMS
Input Impedance: 5KW at I KHz,
transformer coupled

• PERIOD MEASUREMENT
Method: Time interval for 256 cycles of
received signal
Triggering: Triggers and counts on zero
crossings
Resolution: 4nsec
Accuracy: ±0.002%, I year, Tca! ±5C
Temperature Drift: ±.0l% -20°C to 55°C
±.05% -40°C to 70°C
DC Measurement Subsystem

• FRONT END
4 Ranges: Differential ±0.1 V. ± 1V , ± 10V.
±50V full scale with 30% overrange. user
programmable discrete or autorange per-
channel

• ANALOG-TO-DIGITAL
CONVERSION

Type: Delta-sigma
Resolution: 19 bits + sign
ADC Throughput: Up to 20 readings/sec
Measurement System Speed: Up to
5 autoranges/sec

Measurement and Control Systems
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MCU SPECIFICATIONS (continued)
• SELF CALIBRATION
Method: Interlaced cycles of internal
reference sources applied to the front-end
Reference Sources: 10V, IV. 0.1V. 0V
Long Term Drift: [reference]
Temperature Coefficient: 0.7ppm/°C
• DC VOLTAGE
Range: ±ioOmV ±iv ±iov ±50V
Full Scale: ± 130mV ± 1 .3V ± 13V ±50V
Resolution: 1-UinV I4pv i40(jV ] .4mV
Accuracy: .005+.01 005+01 .005+008 .01+ .02

(% reading + % range)
CMRR: >95dB >85dB >80dB >75dB

(DC, 50Hz. 60Hz: IkW source imbalance)
ZIN: >100MQ >IOOMJ2 >100MCi IMil
Max Input:
(H, L l oG) : ±50V ±50V ±50V ±50V

• DC CURRENT
(Using ASM SOW shunt resistors)
Range: ±2mA ±20mA ±200mA
Full Scale: ±2 6mA ±26mA ±260mA
Resolution: 3nA 30nA 03mA
Accuracy: .005+.01 .005+01 oos+.oi

(% reading + % range)
Max Current: ±70mA ±70mA ±70mA
• CURRENT TRANSMITTERS
(Using Base Unit 20W shunt
resistor)
Loop Excitation: 24VDC
Range: ±4mA ±40mA
Full Scale: ±5.2mA ±52mA
Resolution: 6nA 60nA
Max Current: ± 120mA ± 120mA
• RESISTANCE
Scale: IOIIQ mi inui Kioto
Excitation: svnmi mv/ioui lovviom iov/iotu
Range: i^ou MUI IOMII IOMU
Accuracy:

HXW
IkU

IOIU

toll! illi
± 1 ) 1 1 1 iILl

— ±5U
l l J

• DC EXCITATION SOURCE
Routing: Can be switched onto any ASM
channel under user program control

Voltage Source —
Level: +5V, +10V, +15V, +24V user
selectable
Accuracy: ±5%
Noise & Ripple: (20MHz) 20mVRMS
200mVp-p
Source Impedance: 251} typ, 50£1 max
Max Current: 100mA

Current Source —
Level: 100mA
Accuracy: ±2%
Compliance Limit: 13 .5V
Noise & Ripple: (20 MHz)7uAp-p

Power Subsystems
• POWER CONTROL
Switches: External power switch, internal
power switch, main battery disconnect,
backup battery disconnect
Operating Modes: Active, idle, sleep,
backup
Sleep Activation Sources: Executive
commands, Sleep component evaluation.
power-miser state detection, low main battery
detection, power switch off-transition,
software fatal error detection
Boot-up Activation Sources: Main power
restored, power switch on-transition, alarm
clock wake-up, walch-dog wake-up, fail-safe
timer wake-up, GEOBUS Module event
detection
Audible Mode Indications: Boot-up, unit
active, entering sleep state, resident monitor
active

• POWER CONSUMPTION
(Based on 12V main supply battery)
Fully Active: 30mA (excludes sensor
excitation, optional equipment)
Idle: 20mA (unit awake, but waiting for
something to do)
Sleep: 300uA (system shut down, memory
retained clock/calendar operating, re-start
circuits operational, fail-safe timer running)
Backup Mode: 3uA typ, SOuA max
(lithium cell operation, memory retained,
clock/calendar operational. Invoked when
main battery detached or below 9V)
Absolute Max. Supply Voltage: 16VDC
Absolute Min. Supply Voltage: 10.5VDC

- CHARGER
Type: Multi-stage charge regulator for lead-
acid batteries. Automatic low-battery load
shedding
Inputs: Dual inputs, AC/DC with DC/DC
conversion and thermal shutdown
Min. Charge Input: 17VDC or 17VRMS
AC
Max. Charge Input: 35VDC or 35VRMS
AC
Low Battery Trickle Current: 25mA
Charge Enable Threshold: 9VDC
Maximum Charge Current: 0.8A
Overcharge Voltage Limit: 14.5VDC
Float Regulation Voltage: I3.8VDC
Charge Shutdown Threshold: 8VDC
Thermal Shutdown: 70°C
Load Shed Threshold: 9.0VDC (can be
manually actuated by on-board switch)
Load Restore Threshold: 12VDC
Indicators: Two (charging, fully charged)

Environmental Specifications
• MCU & I/O MODULES
Operating Temperature: -40°C to +70°C
Storage Temperature: -60°C to +! 25°C
Relative Humidity: 8% to 95%, non-
condensing
Operating Altitude: to 4600m pressure
altitude
Storage Altitude: to 15.200m pressure
altitude
Transient Protection (all connections):
Surge Withstand: IEEE 472 (ANSI C37.90a)
Electrostatic Discharge: !5kV

• TEMPERATURE RATING FOR
OPTIONS

External Battery (HRB, EXB): -30°C to
+70°C
Internal Battery (INB): - IO°Cto+40°C
Telephone Modem (TNM, CTIK): -0°C to
+70°C
Second Serial Port (SIO-2): -0°C to +40°C
FlashDisk Mass Storage (FMS): 40°C to
+85°C

GemmationMeasurement and Control Systems
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GEOBUS II AND I/O MODELS
GEOBUS II Architecture
The GEOBUS 0 is a design feature
allowing the connection of a wide range
of instrumentation to MCUs through a
family of bus-pluggable I/O Modules. The
basic 2380 MCL1, the primary assembly in
2380/20 "bundled" configurations, supports
2 I/O Module positions. The 2380/80
MCU configuration offers 8 I/O Module
positions thereby expanding scalability for
higher density I/O. In the 2380/80, the
GEOBUS II is extended through a passive
backplane built into a rugged mounting
panel, referred to as the 3-Position Mounting
Panel (3MP). The 3MP contains one 2380
MCU and two 2380 lOXs (I/O Expanders),
providing the 8 I/O Modules positions (See
2380 Series MCU Block Diagrams - 2380/20
& 2380/80).
GEOBUS II Interface
Implementation:
2380/20: Integrated on the MCU System
Board, providing for 2 Module positions
2380/80: The MCU integrated bus is
extended through a shielded connector on the
MCU System Board to a shielded passive
backplane on the 3-Position Mounting Panel
(3MP). The backplane engages connectors
on two 2380 lOXs, providing for 6 additional
Module positions, for the total of 8.
Physical: 28kbps serial master-slave,
parallel service request lines, analog
excitation lines, guarded analog measurement
lines, address lines, control lines. Logic level
signals with buffer drivers.
Protocol: GEOBUS II Module protocol
Error Checking: Modified CCITTCRC-16
Addressing: Up to 8 I/O Modules in
addition to the CPU master and frequency
measurement subsystem. Address is
determined by physical location on the
GEOBUS II.
Module ID: Command response reports
module type, protocol level, hardware
revision, and I/O Module firmware revision.
I/O Modules are user installable in MCUs
and provide direct-conned interfacing to
external sensors, transducers, and device
actuators. Modules provide field wiring

General I/O Module Functions
screw terminals, indicator lights, signal
routing, signal conditioning, voltage-mode or
current-mode excitation, multiplexing, and
in some cases, analog and digital signal
processing. The organization and behavior
of these functions are specific to different
types of instruments and control devices.
Therefore, a family of function-specific
as well as mixed-function I/O Modules
are offered to handle these variations
economically while providing a uniform
digital interface to the MCU through the
GEOBUS n. Any I/O Module type can
be plugged into any GEOBUS II Module
position with identical performance, and
there are no exclusion rules among Module
types that can be plugged into the bus.

I/O Modules assume their "Card Address"
by the position (I through 8) into which
they are plugged on the GEOBUS. Position
address identification is molded into the
Mounting Panels into which the 2380 MCUs
and the 2380 lOXs are normally installed.
ANO Analog — Output

General Description —
The ANO is a general purpose, analog
voltage output module for independently
controlling up to 10 single-ended voltage
outputs. The output voltage range is either
0 to +5V or 0 to + IOV and is software

selectable. The module stores calibration
information for each range and each channel.
In operation, the module scales the requested
output voltage by the stored calibration
data and sets the output Digital-to-Analog
Converter (DAC) to the 12-bit value
corresponding closest to the requested output
voltage. An indicator lamp for each channel
periodically blinks at a rate proportional to
the output voltage.

Typical Applications —
• Driving remote analog or digital panel

meter displays
• Simple analog interfacing to RTUs and
other monitoring systems

• Proportional or error control signals for
control-loop monitoring and tuning

Specifications —
Channels: 10
Output Type: Low power, non-isolated
voltage output
Ranges: 0 to +5V, 0 to +10V, relative to
channel common
Digital-to Analog Conversion Resolution:
12-bits
Analog Accuracy: ±2mV ( 10V range),
± lmV (5V range)
Drive Current: 10 mA max
Transient Protection —
Type: Unipolar suppressor diodes
Breakdown voltage: ISVm i n
Power: 600W peak pulse power
Calibration —
Technique: Calibration data stored
on-module in non-volatile memory, field
adjustable
Calibration points: Two point calibration
for each range and each channel
Labeling: Ch 1, Ch 2. ... Ch 10. two
terminals per channel labeled H, C
Indicators: One LED for each channel:
LED blinks at one of 8 distinct rates
proportional to the full scale output
Connectors: 3.5mm pitch screw-clamp
terminals (20 terminals per Module)
Wire Size: 28 to 14 AWG

Measurement ana Control Systems
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I/O MODELS (continued)
ARO — Form A Relay Output

General Description —
The ARO is a general purpose, relay
switching module for independently
controlling up to 10 two-wire circuits.
Output channels on the ARO can be used
to switch DC or AC circuits carrying
up to 2A DC or peak AC current, with
voltage limits of 68V peak or 48V RMS.
The solid slate relays are protected from
electrostatic transients and inductive load
switching surges by 1500W transient voltage
suppressors.

ARO relays default to the open circuit
condition when the MCU is powered down
or in the sleep state, or whenever a hardware
re-boot occurs. User programmable MCU
EvaJuators are available for setting selected
switches to the on- or off-state and
for triggering on-pulses of programmable
duration. An indicator lamp for each switch
activates whenever the switch contacts are
closed.

Typical Applications —
• MCU programmed control of low-voltage

AC or DC circuits
• Solenoid valve actuation
• Hydraulic drive control
• Interposing relay or contactor signaling

for controlling motors and pumps
• Small signal multiplexing

Specifications —
Channels: 10
Switching Action: Form A contact closure
(normally open SPST)
Switching Elements: Opto-coupled
MOSFET relays, AC connected
Input Voltage Limits: (A to B) ±68Vpeak.
48Vrms
Current Capacity: 2A DC or peak AC at
Input Voltage Limits
Contact resistance: 0.34Q max
Switch Capacitance: 1400pF typical
Leakage Current: lOuA max
Transient Protection: Transient voltage
suppressors, 1500W peak power
Type: Bi-directional suppressor diode in
parallel with each pair of switch terminals
Breakdown voltage: 68V min
Power: 1500W peak, I4A peak pulse
current
Operating Modes: On, Off, or Pulse on.
Latest command takes precedence.
Pulse Duration: 0.1 to 6553.5 seconds in
0.1 sec increments
Pulse Accuracy: ±5 msec
Fail-Safe: Contacts open on any reboot,
power failure, or when MCU is in sleep
mode
Labeling: Ch 1, Ch 2, ... Ch 10; two
terminals per channel labeled A, B
Indicators: One LED for each channel;
LED lights when channel switch is closed
Connectors: 3.5mm pitch screw-clamp
terminals (20 terminals per Module)
Wire Size: 28 to 14 AWG

ASM — Analog Signal Multiplexer
li

General Description —
The ASM is a general purpose, low-noise
Analog Signal Multiplexer for switching
up to 10 two-wire circuits into common
measurement and excitation resources built
into the MCU. The ASM can be used
to measure DC voltage, resistance, current,
and frequency over multiple ranges. The
ASM can also output DC voltage-mode,
DC current-mode, and swept AC (chirped)
excitation signals under user program
control, or under the automatic control of
various imbedded "software instruments."
Each 2-wire channel has separate
measurement and excitation switching which
can be applied independently or
simultaneously, providing maximum analog
excitation and measurement flexibility.
Since the ASM enables the MCU for
complete multi-channel "multimeter"
measurement functions, the ASM is the
system workhorse for most general-purpose
multi-channel data acquisition applications.

Typical Applications —
• Voltage Output Transducers: Low-level
and high-level (amplified) devices

• 4-20mA Current Transmitters: See
DC Measurement Subsystem /
Current Transmitters

• Vibrating Wire Instruments: Direct
connection for multiple vendors; see
Frequency Measurement Subsystem

• Thermocouples: Direct connection for
types J, K, T. E. R, S

• 4- and 6-wire DC Resistance Bridges:
"Software Instrument" support for high
level programming

• Potentiometers: 3-. 4-, and 5-wire
configurations

• DC/DC LVDTs: With programmed
excitation and remote-sense configurations

• Thermistors: Direct connection with
built-in linearization equations

• RTDs: Direct connection with leadwire
compensation for 3- and 4-wire
configurations

Fundamental Measurements &
Excitation —
• DC Voltage: See DC Measurement

Subsystem / DC voltage
• 2- and 4-terminal Resistance: See

DC Measurement Subsystem / Resistance

Measurement ana Control Systems
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I/O MODELS (continued)
• DC Current Measurements: See

DC Measurement Subsystem / DC current
• Frequency: See Frequency Measurement

Subsystem
• Excitation: DC voltage-mode, DC
current-mode, frequency, swept frequency

Specifications —
Channels: 10 analog, 2-wire,
programmable as inputs and excitation
outputs
Input Configuration: Bipolar, differential
Switching Elements: Opto-coupled, low-
thermal offset MOSFET relays. Separately
switched measurement and excitation
Maximum Input: (H, LtoG) ±50V
Transient Suppression: 50V bi-directional
suppressor diodes per terminal, 1500W peak
power
DC Offset: ±2(jV maximum differential
Excitation Sources Available through
ASM: 5V, 10V, 15V, 24V, & lOOjlA with
15V compliance limit
Excitation Source Impedance: 50Q typical
Excitation Duty Cycle: lOsec maximum
through ASM, software limited
Thermocouple Reference Junction:
On-board electronic reference simulator; can
be bypassed for external reference
Thermocouple Reference Junction
Accuracy: ±0.5°C, -20°C to +60°C,
assuming thermal equilibrium of connection
terminals
Thermocouple Linearization Conformity
Error

Type J: ±0.5°C, -225°C to 750°C
Type K: ±0.8°C, -275°C to 1350°C
TypeT: ±0.3°C, -275°C to400°C
Type E: ±0.8°C, -275°C to IOOO°C
Type R: ±0.8°C, 0°C to 1750°C
TypeS: ±0.8°C, 0°C to I750°C

Labeling: Ch 1, Ch 2, ... Ch 10; two
terminals per channel labeled H, L
Indicators: One LED for each channel;
LED lights when channel is addressed for
measurement or excitation
Connectors: 3.5mm pitch screw-clamp
terminals (20 terminals per Module)
Wire Size: 28 to 14 AWG

• Environmental Instrument
Interface

General Description —
The Environmental Instrument Interface
(EII) I/O Module combines an SDI-12
environmental instrument communications
port with Analog Inputs, Pulse/Status Inputs,
and Form A Relay Outputs. The EII is
similar to the Multi-Function I/O (MIO)
Module in that it contains channel-types
that are replicated on other modules, namely
the ASM. PSI, and ARO. In addition to
monitoring environmental instruments, the
EII is appropriate for controlling external
devices and equipment based on measured
parameters when using one or more SDI-12
low-power intelligent sensors. With the
exception of the SDI- 12 communications
port, the EII implements channel types that
are fully described and specified for other
I/O Modules.

The SDI-12 Interface —
SDI-12 is a voluntary industry standard
for interfacing data recorders with
microprocessor-based sensors. The merits
and limitations of this interface have resulted
in industry support being focused around
manufacturers of battery powered
environmental sensors and data loggers.
The predominant emphasis on the SDI-12
interface is the interchangeability of sensors
and sensor types for battery powered, field
deployed instruments. The standard was
originally motivated by the U.S. Geological

Survey for applications with (he following
requirements:
• Battery powered operation with minimal

current drain
• Low system cost
• Use of a single data recorder wit multiple

sensors on one cable
• Up to 200 feet of cable between a

sensor and a data recorder, with transient
immunity

Typical Applications —
• Inflow and infiltration studies for water
utilities and water resources organizations

• Automatic data collection for hydrographic
stations

• Water quality monitoring networks using
multi-parameter water quality probes with
theSDM2 interface

• Waslewater sampler control, based on user
programmed conditions of water quality,
time, flow, and rainfall

Specifications —
Channels: 7
Ports: I SDI- I2

Channel Types —
2 Analog Input: See ASM description and
specifications
3 Pulse/Status Input: See PSI description
and specifications
2 Relay Output: See ARO description and
specifications
SDI-12 Port Specifications —
Port Type: SDI- 12 Data Recorder
Signal Lines —
Data: Serial, bi-directional, 3-state
Power: 9 6V-16V, software switched
Ground: Common to power and data
Transient Suppression —
I/O Channels: ASM. PSI, ARO, EXO
specifications apply
Port: SDI-12 specifications apply

Labeling —
Ch I, Ch 2: H. L. Analog In
Ch 3, Ch 4, Ch 5: A, B, Pulse/Slat
Ch 6, Ch 7: A, B, Relay Out
SDI-12 Port: Terminals: P. P, Pwr: G, G.
Gnd: D. D, Data LEDs: Pwr, Rev. Xmt

Measurement and Control Systems 10
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I/O MODELS (continued)
Indicators —
One LED Per Channel: Channels 1-7,
LEDs functions same as respective ASM,
PS1. ARO channels
Port LEDs: Pwr lights when power is
applied; Rev and Xmt blink during transmit;
Rev blinks during receive
Connectors: 3.5mm pitch screw-clamp
terminals (20 per module)
Wire Size: 28 to 14 AWG

EXO — Excitation Output

General Description —
The primary purpose of the EXO Module is
to provide isolated and regulated excitation
to external instruments and sensors. The
fundamental differences between the
excitation provided by the EXO and voltage-
mode excitation resources built into the
MCU and available at Analog Input channels
(on the ASM, MIO, and EH) are the
following:
I. The EXO provides low source-impedance

outputs capable of delivering relatively
high power to the wiring terminals. A
low source-impedance cannot be provided
through the small-signal multiplexer
switches on Analog Input type channels.
The "stiff" output from the EXO can
therefore provide the power and regulation
typically required by external analog
sensors whose measurement performance
depends on both short- and long-term DC
power supply stability.

2. EXO outputs are derived from plug-in
DC/DC converter modules, providing
isolation from all circuitry in the MCU.
The isolation is necessary in the general
case to prevent ground loops or other
unintended signal interactions that would
otherwise convert to significant
measurement errors.

3. EXO outputs do not tie up MCU
measurement resources. Therefore, no
restrictions apply to the duty cycle.

Excitation Power Supply (EPS) Options —
An EXO Module can accept from one
to three optional plug-in Excitation Power
Supplies (EPSs). An EXO must contain at
least one EPS to function. EPS outputs
are independently controlled by user
programming in the MCU. All output
voltages that are normally required for sensor
or instrument excitation are available in the
set of EPSs offered. The following lists the
Model Numbers and Descriptions for EPS
options:

• EPS-5S+5V Excitation
Power Supply for EXO

• EPS-5D±5V (or 10V)
Excitation Power Supply for EXO

• EPS-12D± 12V (or 24V)
Excitation Power Supply for EXO

• EPS-15D± 15V(or30V)
Excitation Power Supply for EXO

Typical Applications —
• Turn-on of remote equipment under

MCU program control, in installations with
limited power budgets

• Power-strobed remote sensor excitation,
with high isolation and stability

Specifications —
Channels: 3
Type: Isolated single or dual regulated
voltage outputs
Control: Independent on. off, or pulsed on;
software controlled
Output Power: 3 waits per channel
Output Voltages Available: By pluggable
DC/DC converters: 5V, 10V, 24V, 30V,
±5V, ± 12V, ± 15V
Operating Temperature Range: -25°C to
+70°C

Regulation: ±2% of output (1/4 - full load)
±0.05%/C°
Ripple & Noise: lOOmVp-p (DC-20 MHz)
Short Circuit Protection: Short-term, self-
recovering
Input-Output Isolation: 500VDC
Transient Suppression: 15V suppressor
diodes across each supply, 600W peak power
Labeling: Ch 1. Ch 2, Ch 3; 6 terminals
per channel: dual COM, +EXC, -EXC per
channel
Indicators: One LED per channel; LED is
on when the channel is activated
Connectors: 3.5mm pitch screw-clamp
terminals (20 per module)
Wire Size: 28 to 14 AWG

MIO — Multi-Function I/O

General Description —
The Multi-Function I/O Module provides
a combination of Analog and Pulse/Status
Inputs with Excitation and Form A Relay
Outputs. The MIO combines channel-types
that are replicated on the ASM, PSI, EXO,
and ARO Modules. The particular mix of
channels on the MIO have been selected to
allow economical implementation of closed-
loop control for a range of applications with
a single I/O Module.

With two exceptions, the MIO implements
channel types that are fully described and
specified for other I/O Modules. One
exception is that the MIO contains an
External Power input on Channel 10 that can
be switched through ARO type relays on

Measurement and Control Systems 11
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I/O MODELS (continued)
Channels 8 and 9. This provides a
convenient way to route a control signal
required to activate external devices such
as solenoids or relays controlling valves or
gate actuators. The other exception is that
the Exc Out (Ch 7) on the MIO is unipolar
only, and does not provide for an optional
bipolar connection as implemented on the
EXO Module.

Excitation Power Supply (EPS)
Option —
Use of the Exc Out provided on Ch 7
requires the selection of an optional plug-in
Excitation Power Supply (EPS). This is
the same set of DC/DC converter modules
used with the EXO module. However, only
unipolar configurations are available through
the 2-terminal Exc Out channel on the MTO.
The EPS output is independently controlled
by user programming in the MCU. The
following lists the Model Numbers and
Descriptions for EPS options as they relate to
use on the MIO:
• EPS-5S: +5V Excitation Power Supply

for MIO
• EPS-5D: 10V Excitation Power Supply
for MIO

• EPS-12D: 24V Excitation Power Supply
for MIO

• EPS-ISO: 30V Excitation Power Supply
for MIO

Typical Applications —
• Gate control in open-channel canals,

measuring upstream/downstream levels
and gate position

• Wide-area flow regulation for irrigation
canal operations, with user developed
feed-forward control algorithms

• Valve control, based on user programmed
algorithms using pressure and flow input
parameters

Specifications —
Channels: 10
Types -
3 Analog Input: See ASM description and
specifications
3 Pulse/Status Input: See PSI description
and specifications
1 Excitation Output: See EXO description
and specifications, 2-terminal only: +V,
COM or +V, -V

GemmationMeasurement and Control Systems

2 Power or Relay Outputs (Selectable
Modes Per Channel) —
Mode 1 - Form A Relay Output: See
ARO description and specifications
Mode 2 - Switched Power: Supplied by the
input to Channel 10
1 External Power Input: AC/DC: ±60V
peak, 2A current limit
Transient Suppression: ASM, PSI, ARO,
EXO specifications apply

Labeling —
Ch l ,C h2 ,C h3 : H, L, Analog In
Ch 4, Ch 5, Ch 6: A, B, Pulse/Slat
Ch7: +,-, Exc Out
Ch 8. Ch 9: A, B, Pwr Out
Ch 10: A, B, Ext Pwr D

Indicators —
One LED Per Channel: Channels 1-9:
LEDs functions same as respective ASM,
PSI, ARO, EXO channels
Ch 10 LED: Lights when input voltage
exceeds ±4V DC or AC
Connectors: 3.5mm pitch screw-clamp
terminals (20 per module)
Wire Size: 28 to 14 AWG

PSI — Pulse/Status Input

General Description —
The PSI Module offers versatile capabilities
for handling pulse rate, accumulator, and
incremental counting functions. In addition,
PSI channels can be used to detect, record
and alarm status conditions and times of
events. Ten input channels are replicated

on the Module, while allowing different
channels to operate in different functional
modes. Multiple operating modes extend
flexibility and economical use of hardware
resources. On-board microcontrollers and
counters allow the low-power PSI to operate
with full capability even when the MCU is
in the sleep-state. In fact, the PSI can be
programmed so that activity sensed by an
input channel can wake the MCU for further
processing.
Input conditioning features of PSI input
channels allow direct wiring of unipolar
signals from external devices. For voltage-
level inputs, the detection threshold can be
offset to prevent false triggering. Excitation
is also provided for sensing external contact
closures.

Typical Applications —
• Flow rate and accumulation from gas and
liquid flow meters

• Energy monitoring from watt-hour meters
• Background-level radiation monitoring
from particle detectors

• General event monitoring
• Equipment status and security monitoring

Specifications —
Channels: 10
Type: Voltage or contact closure inputs,
software selectable
Voltage Inputs: Bi-polar or DC offset,
software selectable
Input Impedance: lOOkii
Detector: Threshold crossing with
hysteresis
Threshold Levels: 0V or 1,65V. software
selectable
Hysteresis: lOmV
Minimum On-Time / Off Time: 250ns
Pulse Rate: 0-1800/s
Contact Closures: Dry contact sensing
Sensing Signal: Pulsed 10V, 1mA
Contact De-Bounce: 8ms on / 8ms off
Functions —

Pulse Rate Functions: Instantaneous or
average
Pulse Accumulator: 32-bit counter,
continuous accumulation until reset
Incremental Counter: Counts occurring
since last Evaluation
Status Input: On / off

12
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I/O MODELS (continued)
Power Management Features: Any
channel can be enabled to wake up the
MCU when a transition occurs, and trigger
Evaluations
Transient Suppression: 15V bi-directional
suppressor diodes per input terminal. 600W
peak power
Labeling: Ch 1. Ch 2, ... Ch 10; two
terminals per channel labeled A, B; the B
terminals are MCU ground
Indicators: One LED for each channel;
LED blinks when input transition occurs, to a
maximum rate of 4/s
Connectors: 3.5mm pitch screw-clamp
terminals (20 terminals per module)
Wire Size: 28 t o l4AWG

RRM — Resistance Ratio Multiplexer

General Description —
The RRM is a special purpose I/O Module
for making multiplexed resistance or
resistance ratio measurements on up to 5
channels with 3- or 4-wire configurations.
The RRM operates in conjunction with
MCU software to accurately measure low-
resistance devices normally intended for
measurement in a bridge completion circuit.

With low resistance sensing elements, the
resistance of the leadwires introduces
significant and usually unacceptable error if
leadwire resistances are uncompensated. The
leadwire confieuration of these devices has

historically been determined by the leadwire
resistance compensation technique used in
a bridge completion network. Therefore,
the leadwire configuration normally requires
a bridge completion circuit for effective
leadwire resistance compensation. However,
per-channel bridge completion networks are
not economical to implement or maintain
calibration in multiplexed automatic data
acquisition systems.

The optimal leadwire configuration for
automatic data acquisition allows true
4-terminal (Kelvin) connections at the
sensing resistance element, entirely
excluding leadwire resistance errors from the
measurement.

For devices that do not allow true Kelvin
connections, such as 3-wire resistance
devices, an accurate measurement can be
made as long as one device node has 2 wires
attached. The RRM is designed to make
a Kelvin-type measurement at the resistance
device node having two leads (for both
a current terminal and a potential probe).
The RRM measures the leadwire resistance
through a multi-step sequence. For device
nodes that do not have both a potential
and current lead, resulting in an embedded
leadwire resistance, the measured leadwire
resistance from the other node is applied
as a dynamic correction to the measured
resistance. This embedded leadwire
resistance compensation assumes that the
current-carrying leads are the same resistance
(same wire gauge).

The RRM can be connected to both one-
element (3-wire) devices, normally used for
temperature measurements, and 2-element
(4-wire) devices, in which a resistance
ratio measurement is normally used for
strain measurements. The RRM, therefore,
is specifically designed to accommodate
automatic data acquisition retrofit for
existing low-resistance devices for which
it is impractical or prohibitively expensive
to change the leadwire configuration to
4-terrninal (Kelvin) connections.

Typical Applications —
• Four-Wire Half-Bridges: Carlson

meters: resistance ratio strain
measurements, total resistance temperature
sensing

• Four-Wire Potentiometers:
Potemiometric ratio with leadwire
compensation and immunity to wiper-
resistance

• Three-Wire Resistive Sensors: RTDs,
resistance measurements with lead-wire
compensation

• Four-Wire Resistive Sensors: RTDs, true
Kelvin connections with leadwire error
elimination

Fundamental Measurements &
Excitation —
Multi-Mode Resistance: Half-bridge,
quarter-bridge resistances and resistance
ratios with lead wire compensation.
Ratiometric Resistance: See DC
Measurement Subsystem / Resistance
Excitation: Voltage-mode with reference
resistance in the MCU. See DC Measurement
System / DC Excitation Source.

Specifications —
Channels: 5 analog, 4-wire
Terminal Configuration: Positive voltage
excitation on 1+ with return through I-
and internal reference resistor. Voltage
measurements from 1+ to A, A to B, and B
to l -
Switching Devices: Opto-coupled, low
thermal offset MOSFET relays. Separately
switched measurement and excitation.
Transient Suppression: High pulse-current
suppressor diodes, 1500W peak power
DC Offset: <2uV differential
Excitation: -MOV with lOKfi return
resistance, or 5V with 70il return resistance,
autorange selected
Labeling: Ch l ,Ch2, . . .Ch5 : four terminals
per channel labeled l+. A. B. I-
Indicators: One LED for each channel;
LED lights when channel is activated for
excitation or measurement
Connectors: 3.5mm pitch screw-clamp
terminals (20 terminals per Module)
Wire Size: 28 to 14AWG
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MCU OPTIONS AND ACCESSORIES
Flashdisk Mass Storage (FMS)

GENERAL DESCRIPTION
High capacity local data storage for the 2380
MCU is provided by an optional PCMCIA
Flash Memory Card, which plugs into one
of the two PCMCIA Type II sockets in the
MCU. The 8 MB card, designated as the
FMS-8, has a capacity of 160,000 logged
measurements in GEONET format. The
FMS-20 has a capacity of 400,000. These
non-volatile memory cards are formatted for
the 2380 MCU file system and GEONET.
The cards operate over the full industrial
temperature range of -40°C to +85°C.

In addition to high capacity, the "PC
card" removable media has the advantages
of being compact and field-rugged from
an environmental and handling standpoint.
PCMCIA compatibility allows the MCU
to accommodate economical memory
technologies developed for large markets.

DATA LOGGING
The obvious application for FMS options is
stand-alone data logging with an individual
MCU. However, beyond the isolated
data logger, there are distributed data
logging applications where measurements
are spatially dispersed. In the distributed
situation, multiple MCUs are field-networked
to a single MCU, which receives data from
all the MCUs and stores the data to a single

FMS Card. This configuration is particularly
useful when some or most of the MCUs are
not conveniently accessible for data retrieval.
The user can retrieve data from multiple
MCUs at the most convenient location.

BUFFERING FOR SHARED
FACILITIES
Flashdisk Mass Storage is also used to buffer
remote data in networked configurations that
use public telephone, cellular, or satellite
networks for data transport. Expanding on
the field data logging situations described
above, an MCU in a LAN or a Remote
Area Network (RAN) can bridge to a Wide
Area Network (WAN) through connections
to public or private shared access facilities.
Buffering large cashes of data before
transporting over shared access facilities
allows more efficient and economical use of
the facilities.

REDUNDANT DATA BACKUP
Many Geomation systems are used to collect
critical data during particular events which
cannot be repeated, either because they
are natural events or else the result of
measurements made under non-repeatable
conditions. Even though on-line
configurations are normally used for such
applications, communication links or
computers can fail, with potential loss of
the critical data. The FMS option allows
data to be written to MCU local mass
storage, in addition to routine logging over
network connections to GEONET. This
provides economical operational redundancy
for critical data collection applications.

MCU PROGRAMMING
MCU programming, for both instrumentation
functions and network topology, can be
transferred from GEONET to MCU(s) with
an FMS card. The new 2380 MCU file
system allows FMS cards to be used both for
MCU configuration database storage/transfer
as well as measurement data retrieval.
Therefore, in manual data logging systems,
any configuration modifications are delivered
to MCUs in the process of exchanging FMS
cards for data retrieval. This simplifies

logistics and skills for field data logging
support, and eliminates the risk of taking a
laptop computer to the field.

Communication Devices

Telephone Network Modem
MCUs support public telephone network
connections through a PCMCIA Telephone
Modem, designated as the TNM option.
The modem plugs into one of the two
PCMCIA Type II slots in the MCU. An
FMS data storage option is normally used in
conjunction with the TNM option for data
buffering as described above. The FMS
option plugs into the additional Type IT slot.

The Hayes Optima 33.6 Modem included
in the TNM option is used because of its
capacity for superior power management by
the MCU. It will operate at data rates
to 28,800 bits/s when used with a 2380
MCU transferring data to GEONET Suite.
The modem is fully configured by the MCU
when the MCU is initially powered up.

If you plan to use the TNM option with
telephone systems outside of North America,
you should verify the compatibility of this
modem type with your public telephone
network. If there are further questions
regarding compatibility with your telephone
system, please contact Geomalion Customer
Service
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MCU OPTIONS AND ACCESSORIES (continued)
Radio Links
Reliability & Simplicity
UHF and VHP Radio Link options integrate
tightly with the MCU mechanically and
electrically. These radio links provide the
most economical and reliable method of
networking 2380 MCUs in virtually any
field environment as well as in many
plant environments. Dependable radio
networking has been a long-standing
hallmark of the Geomation System 2300.
GEONET Communications Protocol (GCP)
implemented in MCU software allows all
radios to operate on the same frequency
using Carrier-Sense Multiple-Access with
Collision Avoidance (CSMA7CA). Since the
same protocol is used for point-to-multipoint
wireline connections, radio operation is
identical to wireline operation.

Power & Range
These narrow-band radios are capable of
relatively high RF output power (4 watts for
UHF & 5 watts for VHP) providing a range
of several kilometers, and even much farther
with appropriate antenna systems. Since any
MCU can be programmed as a repeater for
GCP messages from other nodes, systems
can be designed to clear terrain obstructions
and multiply range to distant locations.
The digital repeating feature is important
in many field situations. Examples are
large area installations over watersheds and
municipalities, and extended river and canal
reaches. In addition, Geomation can provide
a linear amplifier option on special order to
boost RF output power to 45 watts.

Due to the long range of signal propagation
with these radio links, installations in most
countries are governed by a regulatory
authority. These authorities normally require
users to obtain a location-restricted license
in order to assure interference separation
among different users of the RF spectrum.

Installations in the USA
For industrial and scientific applications in
the U.S . , customers may install and use radio
linked systems on Geomation held licenses
with radios limited to 2 watts of maximum
output power. Other restrictions related to

antenna height and proximity to national
borders apply. (Please contact the Geoma-
tion sales or service departments for more
details.)

Option Configurations
The RL-EN is the version of the option
which includes components for installation in
the EN20, EN20-XC, the EN80 or theENSO-
XC standard enclosures. This option consists
of the radio transceiver itself, a dipole
antenna, dummy load, MCU System Board
interface card, System Board mounting
bracket, a Coaxial Transient Arrester (CTA),
BNC bulkhead feedthru, and coaxial cables
for internal installation in Type EN
enclosures.
The RL-G version of the option includes
everything included in the RL-EN option,
plus the CTA Mounting Bracket with
fastening hardware, and a 2m grounding
cable. The RL-G is for MCUs installed
in other enclosures or in buildings without
enclosures. A 0.85m coaxial cable is
provided with the RL-G to go from the radio
output to the CTA. (This cable may need
to be replaced or extended if it is not long
enough for the installation conditions.)

Radio Links require factory installation for
proper set up and adjustment with specialized
test equipment. MCUs originally purchased
without an RL option may be returned to
Geomation for Radio Link installation.
Antennas & Cables
For relatively short range line-of-sight
installations of a few of kilometers, the
small dipole antenna included with the radio
option will probably provide adequate signal
strength for reliable communications. For
longer range requirements, Geomation offers
three high-quality UHF antenna options
with different radiation patterns to provide
suitable propagation characteristics for most
field deployment topologies. Two omni-
directional antennas and one directional
antenna are included in the antenna options
described here. (VHP antenna options can be
provided on special order.)

Omnidirectional Antennas
The Standard Omnidirectional Antenna
(SOA) is a very rugged broadband collinear
type covering the entire frequency range
of 406-470 MHz. The radiator assembly
is enclosed in a rugged fiberglass radome
for maximum protection from severe
weather, saltwater and corrosive atmosphere.
Specifications: Impedance 50O; VSWR <
1 . 5 : 1 ; gain = 0 dB (ref. to the halfwave
dipole). Vertical polarization. Input is
a Type N female connector. Special
construction provides complete weather-
protection for the connector inside the
supporting pipe. The alternate mounting
also provides adequate protection. The SOA
includes a cast aluminum mounting base and
stainless steel V-bolts for mounting to pipes
of 20-54 mm (3/4"-2-l/8") OD. Length:
515mm (20.3") . Net weight: 0.75 kg ( 1 .65
Ibs).

The SOA is appropriate for omnidirectional
applications, that is, where the MCU needs
to communicate with multiple network nodes
at different azimuths. This antenna has been
chosen because it is compact, rugged, easy to
install, and relatively low cost.

The High-gain Omnidirectional Antenna
(HOA-n) is a ruggedized precision collinear
array design with 6 dB gain (over dipole).
This antenna is provided tuned to any
specified frequency in the range 406-500
MHz. The "-n" frequency code following
the Model Designation specifies a frequency
from the Table of Frequencies for Geomation
FCC Licenses listed below.
(See above - Installations in the USA.)
A unique parallel feed system eliminates
phase lag between elements during icing,
and thereby resists changes in pattern often
encountered with other omni gain antennas
under icing conditions. Specifications:
Impedance 50Q: VSWR < 1 . 3 : 1 at Fc± 6 MHz; Vertical polarization. Input
is a Type N female connector. Two
heavy anodized castings with stainless steel
hardware are provided to attach the HOA to
a vertical pipe mast with 2-3/8" maximum
OD. Dimensions: 244cm x 12.7cm (96"
x 5"), not including ground radials. Net
weight: 6.36 kg (14 Ibs).
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MCU OPTIONS AND ACCESSORIES (continued)
The HOA is designed for use as a
communications base station antenna. With
the System 2300, it would normally be used
with a radio Gateway MCU where high
gain is required to communicate with distant
remote sites that vary in azimuth. High
gain in omnidirectional antennas results in
increased size, weight and cost. Therefore,
the SOA would be preferred for an
omnidirectional radio gateway application if
the higher gain provided by the HOA is not
required by range and the need to overcome
loss in the antenna cable.

Directional Antenna
The YAGI Directional Antenna
(YDA-n) is a five-element yagi designed for
high performance and long-term reliability
even under severe environmental conditions.
This antenna is provided tuned to any
specified frequency in the range 400-512
MHz. The "-n" frequency code following
the Model Designation specifies a frequency
from the Table of Frequencies for Geomation
FCC Licenses listed below.
(See above - Installations in the USA.)

A balanced feed design provides equal
distribution of energy to the driven element,
and allows the entire antenna structure to be
kept at DC ground potential. Specifications:
Impedance 50Ii: VSWR < 1 .3 : 1 at Fc ±0.6%; gain = 10 dB (over dipole). Vertical
or horizontal polarization. Input is a Type N
female connector. Includes heavy aluminum
castings and stainless steel hardware for
mounting to 2-3/8" maximum OD circular
support. Dimensions: 72.4cm x 33.5cm
(28.5" x 13.2" ) . Net weight: 2.27 kg (5 Ibs).

The YDA is appropriate for most remote
MCU locations where the communication
path is unidirectional. It should also be
used for Gateway situations rather than an
omnidirectional antenna if all communication
with remote nodes is in the same direction.
This antenna has been selected because of its
quality construction and long term reliability.

Antenna Cables
Coaxial Antenna Cables are provided with
connectors to go from the Coaxial Transient
Arrester (CTA) to any of (he Antennas

Table of Frequencies for
Geomation FCC Licenses (USA)
-1
-2
-3
-4
-5
-6
-7
-8

457.525MHz
457.550MHz
457.575MHz
457.600MHz
457.750MHz
467.775MHz
467.800MHz
467.825MHz

described above. The CTA is included with
the Radio Link options. Antenna Cables are
specified separately to accommodate cable
length variations between the MCU location
and the antenna mounting.

The Standard Antenna Cable (SAC) is 2m in
length and has an insertion loss of 0.3dB at
450MHz. This cable is supplied with factory
installed connectors: a weatherproof Type N
male connector on the antenna end. and a
weatherproof BNC male connector on the
CTA/Radio end. The SAC should be used for
installations where the antenna is collocated
with the MCU, and the cable does not
have to pass through any openings smaller
than 14.5mm (0.57") diameter, the clearance
diameter for the smaller BNC connector.

The Extended Antenna Cable (EAC-nn)
is ordered to the required length, where
-nn specifies the cable length in meters.
The EAC is a Times Microwave Systems
LMR-240 cable with an attenuation of
0.174dB/m @ 450MHz. This cable is
factory-terminated on one end with a
weatherproof Type N male connector for the
antenna connection. The other end of the
cable is not terminated since extended cables
are usually fed through a bulkhead cable
fitting or a conduit. Therefore, the equipment
end of the cable must be field-terminated with
the supplied BNC male clamp type connector.
The clamp type connector does not require
specialized tools for termination.
This cable has the benefit (compared with
the LEAC-nn described below) of a smaller

diameter [6.1mm (0.240")] and minimum
bend radius |19mm (0.75")]. However,
the smaller diameter results in higher
signal attenuation per unit length. For
antenna cables longer than about 20m, it is
recommended to use the Low-loss Extended
Antenna Cable (LEAC-nn) described below.

The Low-loss Extended Antenna Cable
(LEAC-nn) is ordered to the required length,
where -nn specifies the cable length in
meters. The LEAC is a Times Microwave
Systems LMR-400 cable with an attenuation
of 0.089dB/m @ 450MHz. This cable is
terminated in the same way as the EAC, at
one end only, allowing it to be pulled through
conduit or cable fittings.
The LEAC has a diameter of 10.3mm
(0.405") and a minimum bend radius of
25.4mm (1 .0") . This low-loss cable should be
used to reduce overall signal attenuation for
longer extensions. A gain antenna can be used
to overcome loss in the cable.

EIA2 RS-232 Adapter (SIO2)
The SIO2 provides the optional hardware to
enable a second RS-232 communication port
for the MCU, in addition to the built-in EIA
I Serial I/O port. The option consists of
an RS-232 PCMCIA card and a 3m cable
terminated with a D9 connector with socket
contacts. The supplied cable mates to a
standard COM port on a PC.
An EIA 2 communication port is
automatically enabled when the MCU is
powered up with the SIO2 option plugged
into either slot of the PCMCIA Adapter.
The EIA 2 port supports point-to-point
GEONET Communications Protocol (GCP)
connections. The SIO2 provides an RS-232
interface only, whereas the EIA 1 port on
the MCU provides both RS-232 and RS-485
electrical interfaces.
The primary application for the SIO2 is to
allow a GEONET Gateway connection to the
MCU through an EIA 2 port if the EIA 1
port is dedicated for another use, such as a
Fieldbus Interface.

Measurement and Control Systems 16
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RELIANCE
SP
A full-featured industrial AC drive suitable
for wall, machine, flange andwashdown mounted installations
From 0.5 to 20 Horsepower N223
The ne\\ standard hi AC Drives, the SPhOO provides the benefit* i>t
more expensive full-featured drives in a compact, versatile, anil cost effeetive
design. Multiple enclosure/packaging options along \viili the choice of either a
drive mounted LED or LCD keypad, both of \vhieh are removable, along \vith
embedded braking cireuim make this drive v-erv versatile. The \viile range of
network options available for this product \vill allo\v you to maximize both
data acquisition and speed control. SP600 flange Mount

and \\'all Mount
Standard Features
The SP600 AC drive debuts as the
first in a totally new family of drives
with the Reliance Electric brand
name. This family, Reliance Electric's
sixth generation of AC drives, breaks
new ground and sets the standard by
which drives in this class will be
measured.
For customers who rely on the
simplicity of the SP500, the SP600
provides the "user friendliness"
expected by our customers with the
advanced features and functionality of
a leading edge drive.
The default configuration of the
SP600 limits the customer's exposure
to a basic access level of parameters.
Users can select the level of
parameters required by their
application.

For customers who do require broader
application flexibility, the full access
level of parameters gives the user
complete access to all the parameters
which are grouped by their
functionality.
Every SP600 is software selectable
for either:
• Volts/Hertz
• Sensorless Vector Control
Each method is capable of operating
either a single or multi-motor
application from one SP600 AC
Drive, though SVC is limited to
identical motors which are
mechanically coupled.
• Input voltages/power ratings:

-200 ,208 ,240 (0 .5 t o 10 HP)
- 380, 400, 4 15 , 480 (0.5 to 20 HP)
- 575 (future - TBD)

Enclosures/mounting:
- Wall or machine mount NEMA 1

(IP20)
- Wall or machine mount NEMA

4X/12(IP66)
- Flange mount NEMA 1 (IP20)
Switching frequency:
- Full HP rating at 4 kHz carrier
frequency

- Increase up to 10 kHz for quiet
motor operation with deration of
drive HP

Choice of two detachable Operator
Interface Modules (OIM's)/display-
keypads:
- Single-line LED OIM for drive-
mounted operation for
configuration, control, monitoring,
and diagnostics.

- Multi-line, 6-language LCD OIM
for local or remote operation.
Allows drive configuration,
control, monitoring and
diagnostics. Function keys are
configurable for desired functions.



Standard Features Continued
• Terminal strip control - Inputs/
outputs:
- 6 Digital inputs, configurable
• Up to 8 programmable pre-set

speeds
- 2 Analog inputs, 10 bit resolution
• 1 bidirectional (±10 VDC or

0-10VDC/4-20mA)
• 1 unidirectional (0-10 VDC or

4-20 mA)
- 1 Analog output, 10 bit resolution

• 0 - 2 0 m A o r O - 10 VDC
- 2 Relay outputs, form C,
Normally open/normally closed

• Snubber braking circuitry built-in
with the option of either drive-
mounted or externally-mounted
braking resistors.

• A drive serial interface for PC
configuration and monitoring of a
single drive or multiple drives (on
some networks) when using V*S
Utilities PC Software.

• Intelligent Thermal Management
(ITM™) system can reduce carrier
frequency or trip the drive in over-
temp conditions to minimize drive
downtime.

• Designed to comply with IEEE 5 19 -
1992 system guidelines for
harmonic distortion. A DC bus
inductor is included as standard in
drives rated 7.5 HP and larger for
harmonic distortion mitigation.

• UL and NEC approved electronic
motor overload protection.

• Adjustable auto restart (number of
restarts and time delay between
attempts are selectable). Display
indicates controller is attempting a
restart.

• Frequency avoidance bands to lock
out mechanical resonance points.

• "S" curve acceleration and
deceleration for smooth speed
transitions and high inertia fan
wheels.

• Line-to-line and line-to-ground
output short circuit protection -
running and starting.

• Fault memory logs and displays the
number of drive operation hours for
the following:
- User Interlock Open
- High DC Bus Voltage
- Low DC Bus Voltage
- Over-Current
- Over-Frequency
- Over-Temperature
- Electronic Motor Overload
- Motor Phase Loss

Quiet Motor Operation Up to
200 Feet
• The SP600 controller uses IGBT
transistors switched at frequencies
up to 10kHz to reduce PWM
induced motor audible noise. With
derating the controller or motor, this
technology limits the increase of
audible motor noise to not more than
3dba when compared to sine wave
operation.

• Unique transistor control circuits
also allow drive to motor distances
of up to 200 feet before output
filtering considerations must be
applied.

• Tested to ensure that the waveform
at the motor conduit box will not
exceed the limits specified in
NEMA MG1 31 .40.4 .2 . at lead
lengths of 200 ft.

Service Conditions
• Elevation to 3300 ft (1000 meters)
Derate 3% for every 1000 ft. above
3300 ft.

• Operating temperature ranges:
- NEM A enclosures: -10°C to 40°C
(external ambient)

- IP20 enclosures: -10°C to 50°C
(panel ambient)

• Atmosphere non-condensing
relative humidity:
5% to 95%

• AC line voltage variation: rated
input voltage ±10%

• AC line frequency variation (50/60
Hz): 48 - 62 Hz

• Storage temperature: -40°C to 65°C
(-40°Fto 149°F)

Application Data
• Pulse width modulation (PWM):
sensorless vector control

• Maximum load: 1 10% continuous
for one minute.

• Frequency stability long term:
0.01 % of base speed with digital
keypad 0.5% of base speed with
analog speed reference.

• Linearity (speed reference to output
frequency): ± 1.0%
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Wall Mount Dimensions: mm (inches)
Frame

A
B
C
D

H = Overall Height
225.8 (8.89)
234.6 (9.24)
300 .0 ( 1 1 .8 1 )
350.0( 13 .78)

B = Mount C-C Height
211 .6(8.33)
220.2 (8.67)
285 .6 ( 1 1 .25 )
335.7(13.21 )

W = Overall Width
121 .9(4.80)
171 .2(6.74)
185.9(7.32)
220.4 (8.68)

A = Mount C-C Width
94.2(3.71)
122.7 (4.83)
137.6(5 .42)
169.0 (6.65)

D = Depth
179.8(7.08)
179.8(7.08)
179.8(7.08)
180.4(7.10)

NOTE: C-C = center hole to center hole
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F/amje Mow/if Dimensions: mm (inches)
Frame

A
B
C
D

H1 = Overall Flange Height
225.8 (8.89)
234.6 (9.24)
300.0(11 .81)
333.6(13.13)

W1 = Overall Flange Width
156.0(6. 14)
205.2 (8.08)
219.0(8.62)
248.4 (9.76)

D1 = Overall Drive to Heatsink Width
178.6(7.03)
178.6(7.03)
178.6(7.03)
178.6(7.03)

02 = Drive Cover to Flange Depth
1 16.6(4.59)
116.6(4.59)
1 16 .6(4.59)
116.6(4.59)

NOTE: Data subject to change without notice.
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Drive Specifications and Dimensions
Category
Protection

Agency Certification

Specifications

AC Input Overvoltage Trip
AC Input Undervotege Trip
Bus Overvoltage Trip
Bus Undervoltage Trip
Nominal Bus Voltage
Heat Sink Thermistor
Drive Overcurrent Trip:
Software Current Limit
Hardware Current Limit
Instantaneous Current Limit
Line transients
Control Logic Noise Immunity
Power Ride-Thru
Logic Control Ride-Thru
.Ground Fault Trip
Snort Circuit Trip
Motor Lead Length

240 VAC Drive
286 VAC
113 VAC
405 VDC
160 VDC
290 VDC

480 VAC Drive
570 VAC
280 VAC
810 VDC
407 VDC
648 VDC

Monitored by microprocessor overtemp trip (Intelligent Thermal
Management - fTM™)
20-160% of rated current
200% of rated current (typical)
220-300% of rated current (dependent on drive rating)
up to 6000 volts peak per IEEE C62.41 -1991
Showering arc transients up to 1500V peak
15 milliseconds at full load
0.5 seconds minimum, 2 seconds typical
Phase-to-ground on drive output
Phase-to-phase on drive output
200 feet maximum* - refer to instruction manual

The drive is designed to meet the following specifications:
NFPA 70 - US National Electrical Code
NEMAICS 3.1 - Safety standards for Construction and Guide for Selection,
Installation and Operation of Adjustable Speed Drive Systems.
NEMA 250 - Enclosures for Electrical Equipment
IEC 146 - International Electrical Code.
FCCPart 15

UL and cUL Listed to UL508C and CAN/CSA-C2.2 No. 14-M91

Environment

C€

Attitude
Ambient Operating Temperature without derating:
Open Type
NEMATypel
NEMAType12
Storage Temperature (all const.)
Relative Humidity
Shock
Vibration

Marked for all applicable European Directives
EMC Directive (89/336/EEQ
Emissions: EN 61800-3 Adjustable Speed Electrical Power Drive
Systems Part 3
Immunity: EN 61800-3 Second Environment, Restricted Distrfcution
Low Voltage Directive (73/23/EEC): EN 60204-1 Safety of Machinery-
Electrical Equipment of Machines, EN 50178 Electronic Equipment for
use in Power Installations

1000 m (3300 ft.) max. without derating

-irj-Cto500C(14°fto122 < lF)
-10°Cto40«C(140Fto1040F)
-10 cCto40°C(14«f to104°F)
-400Cto70°C(-400Fto1580F)
5 to 95% non-condensing
15G peak for 11 ms duration ( 1 .0ms)
0.152 mm (0.006 in.) displacement, 1C peak

Drive is designed not lo generate potentially damaging voltage pulses based on limits set hy KF.M A MGl section 31 .40.4 .2 . For motor lead lengths
up to 200 feel, minimum rise time is greater that 0 1 microseconds, and maximum voltage peak is less than 1600 volts per this standard
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Drive Specifications and Dimensions (contd)
Category Specifications

Voltage Tolerance
Frequency Tolerance
Input Phases
Displacement Power Factor
Efficiency
Max. Short Circuit Current Rating
Using Recommended Fuse or Circuit Breaker Type

-10% of minimum, +10% of maximum.
47-63 Hz.
Three-phase input provides full rating for all drives. Single-phase operation provides
50% of rated current.
Range between 1.0 and 0.95 lagging over the entire speed range
97.5% at rated amps, nominal line volts.
Maximum short circuit current rating to match specified fuse/circuit breaker
capability.

Method
Carrier Frequency
Output Voltage Range
Output Frequency Range
Frequency Accuracy:
Digital Input
Analog Input
Selectable Motor Control
Stop Modes
Accel/Decel
Intermittent Overload
Current Limit Capability
Electronic Motor Overload Protection

Control (Inputs, Outputs, Power Supplies)
Analog Input 1, Differential Voltage Input:
Signal Level
Differential Input Resistance
Isolation
Initial Accuracy (@25°C)
Resolution
Input Processing Period
Terminal Block Size
Protection
Analog Input 1, Differential Current Input:
Signal level
Differential Input Resistance
Isolation
Initial Accuracy (@25°Q
Resolution
Input Processing Period
Terminal Block Size
Protection
Analog Input 2, Differential Voltage Input:
Signal Level
Differential Input Resistance
Isolation
Initial Accuracy (@25°C)
Resolution
Common Mode Rejection Ratio
Input Processing Period
Terminal Block Size
Protection

Sine coded PWM with programmable carrier frequency.
2-10 kHz. Drive rating based on 4 kHz
0 to rated motor voltage
0 to 400 Hz.

Within ±0.01 % of set output frequency.
Within ±0.4% of maximum output frequency.
Standard V/Hz with full custom capability.
Multiple programmable stop modes including - Ramp, Coast, DC-Brake, Ramp-to-
HoW and S-curve.
Two independently programmable accel and decel times. Each time may be
programmed from 0.1-3600 seconds in 0.1 second increments
110% Overload capability for up to 1 minute
150% Overload capability for up to 3 seconds
Proactive Current Limit programmable from 20 to 160% of rated output current.
Independently programmable proportional and integral gain.
Class 10 protection with speed sensitive response. Investigated by U.L. to comply
with N.E.C. Article 430. U.L. File E59272, volume 12.

Oto + 10V
60kQ
±17V
±0.3%
10 bits (0.1%)
5ms
0.05 mm? to 1.5 mmM30 AWG to 16 AWG)
ESD protected (6 kV contact discharge, 8 kV air discharge)

0(4) to 20mA
1000
±9V
±0.3%
10 bits (0.1%)
5ms
0.05 mm2 to 1.5 mm2 (30 AWG to 16 AWG)
ESD protected (6 kV contact discharge, 8 kV air discharge)
- 10V IO+ 10V
88kO
+165V
±0.3%
10 bits (01%)
70dB up to SOOHz over temperature range
5ms
0.05 mmMo 1.5 mm' (30 AWG to 16 AWG)
ESD protected (6 kV contact discharge, 8 kV air discharge)



SP
Drive Specifications and Dimensions (contd)
Category Specifications
Control (Inputs, Outputs, Power Supplies)

Analog Input 2, Differential Current Input
Signal level
Differential Input Resistance
Isolation
Initial Accuracy (@25°C)
Resolution
Common Mode Rejection Ratio
Input Processing Period
Terminal Block Size
Protection
Analog Output
Analog Output Voltage Range
Loading Impedance
Accuracy Over Temperature Range
Resolution
Frequency of Output Waveform
Output Processing Period
Terminal Block Size
Protection
Reference Power Supply:
Output Voltage
Potentiometer Resistance Range
Accuracy Over Temperature Range
Terminal Block Size
Protection
24V Power Supply:
Output Voltage
Output Current
Isolation
Terminal Block Size
Protection
Six Digital Inputs:
Input Voltage
Logic Thresholds
Input Resistance
Isolation
Assertion Response (Hardware Only)
Negation Response (Hardware Only)
Terminal Block Size
Protection
Two Form C Relay Outputs:
Maximum Contact Voltage
Contact Rating for Resistive Loads
Contact Switching for Resistive Loads
Contact Rating for Inductive Loads
Contact Switching for Inductive Loads
Isolation Test Voltage
Terminal Block Size
Protection

0(4)-20mA
100Q
+165V
±0.3%
10 bits (0.1%)
70dB up to 500Hz over temp range
5ms
0.05 mm' to 1.5 mm* (30 AWG to 16 AWG)
ESD protected (6 kV contact discharge, 8 kV air discharge)
Oto+ lOV
2kQ minimum
±2.35% maximum
10 bits (0.1%)
160Hz maximum
5ms
0.05 mm2 to 1.5 mm* (30 AWG to 16 AWG)
Short circuit proof, ESD protected (6 kV contact discharge, 8 kV air discharge)

10V
2kQto10kC
±2.35% maximum
0 05 mm? to 1.5 mm? (30 AWG to 16 AWG)
Short circuit proof, ESO protected (6 kV contact discharge, 8 kV air discharge)
24V to 28V
150mA maximum
±25V
0.05 mm* to 1.5 mm* (30 AWG to 16 AWG)
Short circuit proof, ESD protected (6 kV contact discharge, 8 kV air discharge)
24V (nominal)
l o g i cO :V i r <3V ; l o g i c 1 :V i n > 19V
2kQ
±25V
9ms maximum
1 ms maximum
0.05 mm* to 1.5 mm* (30 AWG to 16 AWG)
Short circuit proof, ESD protected (6 kV contact discharge, 8 kV air discharge)

250 VAC, 220 VDC
0.40 A at 125 VAC, 2 A at 30 VDC
50 VA, 60 W
0.20 A at 125V AC, 1 A at 30 VDC
25 VA, 30 W
1900 VDC for one minute
0.05 mm* to 1.5 mm* (30 AWG to 16 AWG)
Short circuit proof. ESD protected (6 kV contact discharge, 8 kV air discharge)
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//O Terminal Block Wiring Connections Power Terminal Block Wiring Connections
Configurable Digital Input 1
Configurable Digital Input 2
Configurable Digital Input 3
Configurable Digital Input 4
Configurable Digital Input 5
Configurable Digital Input 6

24V DC Common
Digital Input Common

+• 24V DC

•f 10V DC
Relay Output »1, Normally Open

Relay Output *1. Common
Relay Output #1. Normally Closed

( - )0 - 10VDCI n o u t * 1
( + )Q- 10V DC Input »1
(-) 4-20 mA Input »1
(+) 4-20 mA Input 12
( - 1 0 - 10V DC Input »2
( + 10- 10V DC Input »2
(- )4-20mAlnpu t f 1
( + 14-20 mA Input #2

—— 22 (-1 Analog Output
( +) Analog Output
Relay Output #2, Normally Open
Relay Output *2, Common
Relay Output #2. Normally Closed

1
2

3
4

5
6
7

8
9

10
1 1

12

13

15
16
17

18
19

20
21
22
23
24

i 25
26

LIH

L2/S

LIT

i DC

BRK

TI/U

T2/V

™*

PE

Ft

L1 ! INCOMING
12 I 3 Phase
L3 i AC Line

j Optional Snubber Brake
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SP500 to SP600 NEMA 1 Enclosure Cross-reference (add DIM to SP600 M/N)
230 VAC Models

SP500 Model Number SP600 Model Number
1SU21001
1SU21002
1SU21003
1SU21005

6SP201-4P2BTNN
6SP201-6P8BTNN
6SP201-9P6BTNN
6SP201-015BTAN

460 VAC Models
SPSOO Model Number SP600 Model Number

1SU41001
1SU41002
1SU41003
1SU41005
1SU41007
1SU41010
1SU41015
1SU41020

6SP401-2P1BTNN
6SP401-3P4BTNN
6SP401-005BTNN
6SP401-008BTNN
6SP401-011BTAN
6SP401-014BTAN
6SP401-022BTAN
6SP401-027BTAN

6SP = SP600 Produd Line -
2 » 200-240 volts "I
4 » 380-480 vote >-
5 - 575-600 von I
01 = NEMA 1 ~|
4 X . N E U A 4 X U
IF. NEMA 1 Flange J

6S PP 2 01 - 2_L2 BT N N

••200-2MVAC '
2P2 = 2.5 Amps. 05 HP/0.37 kW
4P2 * 4.8 Amps. 1 0 HP/0.75 kW
6P8 . 7.8 Amps. 2.0 HP/I .5 KW
9P6 = 11 0 Amps. 3 0 HP/2 2 kW
015= 17 .5 Amps. 5.0 HP/4.0 kW
022 - 25.3 Amps. 7.5 HP/5.5 kW
OZe . 32.2 Amps, 10.0 HP/7.5 kW

•0380-415 VAC I
1P1 = 1.3 Amos. 0.5 HP/0 37 kW
2P1 =• 2.1 Amps. ! .0 HP/0.75 kW
3P4 . 3.5 Amps. 20 HP/1.5 kW
005 - 5.0 Amps. 3.0 HP/2.2 kW
008 « 8.7 Amp». 50 HP/4.0 kW
0 1 1 . 1 1 . 5 Amps. 7.5 HP/5.5 kW
014 = 15.4 Amps. tO .O HP/7.5 kW
022 = 22.0 Amps. 15 0 HP/11 0 kW
027 =• 30.0 Amps. 20.0 HP/15.0 kW

@ 240 VAC
2P2 = 2.2 Amps. 0.5 HP/0 37 kW
4P2 = 4.2 Amps. 1 0 HP/0 75 kW
6P8 = 6.8 Amps. 2,0 HP/1.5 kW
9P6 - 9.6 Amps, 30 HP/2 2 kW
015 . 15,3 Amps. 50 HP/4 0 kW
022 - 22.0 Amps. 7.5 HP/5.5 kW
026 * 28.0 Amps. 10.0 HP/7 5 kW

@ 00 VAC I
1P1 = 1.1 Amps. 0.5 HP/0.37 kW
2P1 =2 , 1 Amps. 1.0 HP/0.75 kW
3P4 z 3 4 Amps. 2.0 HP/1.5 kW
005 = 5 0 Amps. 3 0 HP/2 2 kW
006 > 8 0 Amps. 5 0 HP/4 0 kW
011 = 110 Amps, 7.5 HP/5 5 kW
014 = 14 .0 Amps. 10.0 HP/7 5 kW
022 = 22.0 Amps. 15 .0 HP/11 .0 kW
027 = 27 0 Amps. 20.0 HP/15 0 kW

~ D = OevtceNet
C = ControlNel
4.HS485
E = EtnerNet
I = Intwfeus
P = Profibus
L . LonWoiM
F = Cnet Fibef Optic

Transisto
Transistor & Reststor

Blank DIM
E , Dtyta\ LED CHM

= Dignal LCD DIM

* Selection of voltage input to this lower value will allow output current to increase as shown.

This document located at:
NOTE: TKis material is not intended to provide operational instructions. Appropriate
Reliance Electric Drives instruction manuals precautions should he studied prior to
installation, operation, or maintenance of equipment.

Reach us now at www.rockwellautomation.com
Wherever you need us, Rockwell Automation brings together leading
brands in industrial automation including Alien-Bradley controls,
Reliance Electric power transmission products, Dodge mechanical power
transmission components, and Rockwell Software. Rockwell Automation's
unique, flexible approach to helping customers achieve a competitive
advantage is supported by thousands of authorized partners, distributors
and system integrators around the world.
America* Headquartere, 1201 South Second Street. Milwaukee, Wl 53204, USA, Tel ( 1 ) 4 1 4 3 8 2 2000. Fax: [ 1 )4 143824444
European Headquarters SA/NV, Boulevard du Souverain 3 6 . 1 1 7 0 Brussels, Belgium. Tel |32| 2 663 0600. Fa« (32) 2 663 0640
Asia Pacific Headquarten, 27/F dticorp Centre, 1B Whitfieid Road, Causeway Bav, Hong Kong, Tel: (85212887 4788. Fax I852) 2508 1846
Reliance Electric Standard Drives Business. 24800 Tungsten Road. Cleveland. Ohio 4 4 1 1 7 . USA. Tel: |1) 888 374 8370. Fax: (2161266 7095

RockwellAutomation
Publication D-2987 -Ma y 2001 © 2001 Rockwell Automation Corporation. All Rights Reserved. Printed in U .S .A.
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Technical
Information
Tl 046D/24/ae

Electromagnetic
Flow Measuring System
promag 50/53
Flow measurement in
water or wastewater applications

Features and benefits
• Nominal diameters 1" to 78"
• Polyurethane or hard rubber lining
• Fitting lengths to ISO and DVGW
• High measuring accuracy for

improved process control:
- Promag 50: ± 0.5%

(option: ± 0.2%)
- Promag 53: ± 0.2%
Easy servicing and maintenance.
Validation on site without removal of
the sensor:
- Optimized plant maintenance
- Incorporation in QA systems

• Robust field housing, NEMA 4X
(IP 67)

• NEMA 4X (IP 67) wall-mount housing
for straight-forward installation of the
remote version

• Promag 53 with Touch Control:
Operation without opening the
housing

• Quick setup menus for straight-
forward commissioning in the field

• Interfaces for integration into all
major process-control systems:
- HART* interface as standard
- Promag 50: PROFIBUS-PA
- Promag 53: PROFIBUS-PA/-DP,

FOUNDATION fieldbus
• Potable-water approvals:

NSF, WRC, KTW, etc.
Application
All fluids with a minimum conductivity of
> 5 uS/cm can be measured:
• Drinking water
• Wastewater
• Wastewater sludge, etc.
A minimum conductivity of > 20 ^S/cm is
required for measuring demineralized
water.

line Endress + Mauser
The Power of Know How



Promag 50/53 W

Function and system design
Measuring principle Faraday's law of induction states that a voltage is induced in a conductor moving in a

magnetic field.
In electromagnetic measuring, the flowing medium corresponds to the moving
conductor. The induced voltage is proportional to the flow velocity and is detected by
two measuring electrodes and transmitted to the amplifier. Flow volume is computed
on the basis of the pipe's diameter. The constant magnetic field is generated by a
switched direct current of alternating polarity.

Ue = induced voltage
B = magnetic induction (magnetic field)
L = electrode gap
v = flow velocity
Q = volume flow
A =pipe cross-section
I = current strength

Measuring system The measuring system consists of a transmitter and a sensor.
Two versions are available:
• Compact version: transmitter and sensor form a single mechanical unit.
• Remote version: transmitter and sensor are installed separately.
Transmitter:
• Promag 50 (user interface with push buttons for operation, two-line display)
• Promag 53 ("Touch Control" without opening the housing, four-line display)
Sensor:
• Promag W, 1" to 78" (DN 25 to 2000)

Input variables
Measured variable Flow rate (proportional to induced voltage)

Measuring range Typically v = 0.033 to 33 ft/s (0.01 to 10 m/s) with the specified measuring accuracy

Operable flow range Over 1000 : 1

Input signal Status input (auxiliary input):
U = 3 to 30 V DC, R = 5 kii, galvanically isolated.
Configurable for: totalizer(s) reset, measured-value suppression, error-message
reset, start/pause batching

Current input (Promag 53 only):
Active/passive selectable, galvanically isolated, resolution: 2 jjA
active: 4 to 20 mA, R < 150 ii, UM = 24 V DC, short-circuit-proof
passive: 0/4 to 20 mA, R < 150 Q, U^ = 30 V DC

Endress+Hauser
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Output variables
Output signal Promag 50

Current output:
Active/passive selectable, galvanically isolated, time constant selectable
(0.05 to 100 s), full scale value selectable, temperature coefficient: typically
0.003% o.r./°F (0.005% o.r./°C); resolution: 0.5 ^A
• active: 0/4 to 20 mA, l\ < 700 ii (HART*: RL > 250 ii)
• passive: 4 to 20 mA, max. 30 V DC, R < 150 li
Pulse/frequency output:
Passive, open collector, 30 V DC, 250 mA, galvanically isolated.
Frequency output: full scale frequency 2 to 1000 Hz (ffna> = 1250 Hz), on/off ratio 1 : 1 ,
pulse width max. 10s
Pulse output: pulse value and pulse polarity selectable, max. pulse width
configurable (0.05 to 2 s), maximum pulse frequency selectable
Promag 53
Current output:
Active/passive selectable, galvanically isolated, time constant selectable
(0.05 to 100 s), full scale value selectable, temperature coefficient: typically
0.003% o.r./°F (0.005% o.r./°C); resolution: 0.5 ^A
• active: 0/4 to 20 mA, RL < 700 ii (HART8: RL > 250 ft)
• passive: 4 to 20 mA, max. 30 V DC, R < 150 Q
Pulse/frequency output:
Active/passive selectable, galvanically isolated
• active: 24 V DC, 25 mA (max. 250 mA during 20 ms), RL > 100 Q
• passive: open collector, 30 V DC, 250 mA
Frequency output: full scale frequency 2 to 10,000 Hz (f^ = 12,500 Hz),
on/off ratio 1 : 1 , pulse width max. 10s
Pulse output: pulse value and pulse polarity selectable, pulse width configurable
(0.05 to 2 s), on/off ratio is 1:1 as of a frequency of 1 / (2 x pulse width)

Signal on alarm Current output -> failure response selectable
Pulse/frequency output -» failure response selectable
Status output (Promag 50) -> non-conductive by fault or power supply failure
Relay output (Promag 53) -> de-energized by fault or power supply failure

Load See "Output signal"

Switching output Status output (Promag 50):
Open collector, max. 30 V DC / 250 mA, galvanically isolated
Configurable for: error messages, Empty Pipe Detection (EPD), flow direction, limit
values

Relay output (Promag 53):
Normally closed (NC or break) or normally open (NO or make) contacts available
(default: relay 1 = NO, relay 2 = NC),
max. 3 0 V / 0 . 5 A AC; 6 0 V / 0 . 1 A DC, galvanically isolated.
Configurable for: error messages, Empty Pipe Detection (EPD), flow direction, limit
values, batching contacts

Low flow cutoff Switch points for low flow cutoff are selectable
Galvanic isolation All circuits for inputs, outputs, and power supply are galvanically isolated from each

other.

Endress+Hauser
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Power supply
Electrical connection
measuring unit

B

O [LD D_U u.i; :j.

B

27
26
25
24
23
22
21
20

N (L-) 2
L1 (L+ ) 1

o ~ o

a c b d

A = View A (field housing): B = View B (wall-mounted housing)

a Cable for power supply: 85 to 260 VAC. 20 to 55 VAC, or 16 to 62 VDC
Terminal No. 1: L1 to AC. L^ for DC
Terminal No. 2: N for AC. L- for DC

b Signal cable: terminals No. 20 to 27 ® see Page 5
c Grounding terminal for protective conductor
d Grounding terminal for signal-cable shield

Terminal assignment Promag 50
Outputs / inputs
Order variant
50*" """""*W
50"*-""*"""A
50*"-*"""""D

20 -2 1

-
Status input

Terminal No.
2 2 - 2 3

Status output

24-25

"
Frequency output
Frequency output

26 -27
Current output

HART8

Current output
HART*

Current output
HART"

Endress+Hauser
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Terminal assignment Promag 53
The inputs and outputs on the communication board can be either permanently
assigned or variable, depending on the version ordered (see table):

53.*._...........AyB _^ no{ vanabie (permanent assignment)
53*"-*"""*"*C/D/UM/2/4/5 -» variable

Replacement for modules which are defective or which have to be replaced can be
ordered as accessories.
Outputs / Inputs
Order variant
53*"-"*""""A
53... ....... ....g

53"*-""""*"C
53"*"""""*D
53*"-""""*"L
53*"-"""""*M
53"*-""*"""2
53"*-***********4
53... ...........5

20-21

Relay output
Relay output
Status input
Status input
Status input
Relay output
Current input
Status input

Terminal No.
22-23

Relay output
Relay output
Relay output
Relay output

Frequency output
Current output
Relay output
Current input

24-25
Frequency output
Frequency output
Frequency output
Frequency output

Relay output
Frequency output
Frequency output
Frequency output
Frequency output

26-27
Current output

HART®
Current output

HART*
Current output

HART*
Current output

HART*
Current output

HART"
Current output

HART*
Current output

HART"
Current output

HART®
Current output

HART*

Electrical connection
remote version

Q EPD
S1 E1 E2 S2 g E S
1 59 5 7 4 37

i-oo^o^o-l
36

n.c.

Coils

Coils

n. c. = cable shields lo be isolated and not lobe connected

Endress + Hauser
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Potential equalization Standard
Sensor and medium must have the same electrical potential in order to ensure
measuring accuracy and avoid corrosion damage to the electrodes. Potential
equalization is achieved by means of the reference electrode installed in the sensor.
If the medium flows through metallic, unlined and grounded pipes, it is enough to
connect the grounding terminal of the transmitter housing (see illustration below) to
the potential-equalization line. In the case of the remote version, this connection is
established by means of the ground terminal on the transmitter connection housing.

Caution:
Always install grounding rings if correct grounding of the medium cannot be en-
sured, or if equalization currents of significant level are to be expected.

Equalizing currents in metallic, ungrounded pipes
In order to avoid errors in measurement, use grounding cables to connect each
sensor flange to its corresponding pipe flange and ground the flanges. Connect the
transmitter or sensor connection housing, as applicable, to ground by means of the
grounding terminal provided for that purpose.

Note:
The grounding cable for flange-to-flange connections can be ordered separately as
an accessory from Endress+Hauser.
• < 12"; the grounding cable is in direct connection with the conductive flange

coating and is secured by the flange screws.
• > 14", the grounding cable connects directly to the metal transport bracket.

Pipe size 12" Pipe size 14"

Endress+Hauser
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Plastic pipes and lined pipes
The use of grounding rings is compulsory if the pipe materials are nonconductive
(see illustration). This applies in all cases in which the medium can carry equalizing
currents that could destroy the reference electrode by electro-chemical corrosion.
Typical piping systems of this nature include those with electrically insulating linings
and pipes made of fiberglass or PVC.
Caution:
Risk of damage by electro-chemical corrosion. Note the electro-chemical series of
metals, if the grounding rings and measuring electrodes are made of different
materials.

9 AWG Cu

Lined pipes (cathode protection)
If the medium cannot be grounded for process-related reasons, the measuring
device must be installed in such a way as to be potential-free:
• When installing the measuring device, make sure that there is an electrical

connection between the two piping runs, 9 AWG copper wire (6 mm2).
• Make sure that the installation materials do not establish a conductive connection

to the measuring device and that the installation materials withstand the
tightening torques applied when the threaded fasteners are tightened.

• Also comply with the regulations applicable to potential-free installation.

9 AWG Cu

a = isolating transformer, b = electrically insulated

Endress+Hauser
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Cable entry Power-supply and signal cables (inputs/outputs):
• 1/2" NPT
Connecting cable for remote version:
• 1/2" NPT

Cable specifications
remote version

Coil cable:
• 2x18 AWG (0.75 mm2) PVC cable with common, braided copper shield,

approximately 0.28" diameter (0 approx. 7 mm)
• Conductor resistance: < 0.011 ft/ft (37 £i/km)
• Capacitance: core/core, shield grounded: < 36 pF/ft (120 pF/m)
• Permanent operating temperature: -5° to +160° F (-20 to +70 °C)
Signal cable:
• 3 x 20 AWG (0.38 mm2) PVC cable with common, braided copper shield,

approximately 0.28" diameter (0 approx. 7 mm) and individually shielded cores.
• With Empty Pipe Detection (EPD): 4 x 20 AWG (0.38 mm2) PVC cable with

common, braided copper shield, approximately 0.28" diameter (0 approx. 7 mm)
and individually shielded cores.

• Conductor resistance: < 0.015 ft/ft (50 ii/km)
• Capacitance: core/shield: < 128 pF/ft (420 pF/m)
• Permanent operating temperature: -5° to +160°F (-20 to +70 °C)
Operation in areas of severe electrical interference:
The measuring device complies with the general safety requirements in accordance
with EN 61010, the EMC requirements of EN 61326, and NAMUR recommendation
NE21 .

Caution:
Grounding is by means of the ground terminals provided for the purpose inside the
connection housing. Keep the stripped and twisted lengths of cable shield to the
terminals as short as possible.

Supply voltage 85 to 260 VAC, 45 to 65 Hz
20 to 55 VAC, 45 to 65 Hz
16 to 62V DC

Power consumption AC: <15 VA (including sensor)
DC: <15 W (including sensor)
Switch-on current:
• maximum 13.5 A (< 50 ms) at 24 V DC
• maximum 3 A (< 5 ms) at 260 V AC

Power supply failure Lasting minimum 1 power cycle:
• EEPROM or T-DAT™ (Promag 53 only) retain the measuring-system data in the

event of a power supply failure
• S-DAT™ = exchangeable data storage chip which stores the data of the sensor:

nominal diameter, serial number, calibration factor, zero point, etc.

Endress+Hauser
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Measuring accuracy
Reference conditions To DIN 19200 and VDI/VDE 2641:

• Medium temperature: +28 °C ± 2 K
• Ambient temperature: +22 °C ± 2 K
• Warm-up time: 30 minutes
Installation:
• Inlet run >10 x Dia
• Outlet run > 5 x Dia
• Sensor and transmitter grounded.
• Sensor centered relative to the pipe.

Measured error Promag 50:
Pulse output: ± 0.5% o.r. ± 0.01% of max. full scale (o.r. = of reading)
Current output: plus typically ± 5 nA

Promag 53:
Pulse output: ± 0.2% o.r. ± 0.02% of max. full scale (o.r. = of reading)
Current output: plus typically ±

Supply-voltage fluctuations have no effect within the specified range.

2.5 ——————————————————————————————————————————————
2.0 -
1.5 -
1.0 -
0.5 -

0 - I I I

-_^

I I I I

0.5%
/ 0.2 %

J /

0 3 6 1 3 2 0 2 6 3 3
(1) (2) (4) (6) (8) ( 10)

v tt/s (m/s)

Measured error in [%] of reading

Repeatability ± 0.1% o.r. ± 0.005% of max. full scale (o.r. = of reading)
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Conditions for operation (installation conditions)
Installation instructions Mounting location

Correct measuring is possible only if the pipe is full. Avoid the following locations:
• Highest point in the run. Risk of air accumulating
• Directly upstream from an open pipe outlet in a down pipe

Installation of pumps
Do not install the sensor on the inlet side of a pump. This precaution is to avoid low
pressure and the consequent risk of damage to the lining of the measuring tube.
It might be necessary to install pulse dampers in systems incorporating reciprocat-
ing, diaphragm or peristaltic pumps. The sensor is shock and vibration resistant for
acceleration up to 2 g in accordance with I EC 68-2-6.

Partially rilled pipes
Partially filled pipes with gradients necessitate a drain-type configuration. The Empty
Pipe Detection (EPD) function offers additional protection by detecting empty or
partially filled pipes.
Caution:
To avoid the risk of solids accumulating, do not install the sensor at the lowest point
in the drain. It is advisable to install a cleaning valve.

2 x D

5x D

10 Endress+Hauser
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Down pipes
Install a siphon (b) or a vent valve (a) downstream of the sensor in down pipes
longer than 15 feet (5 meters). This precaution is to avoid low pressure and the
consequent risk of damage to the lining of the measuring tube. These measures also
prevent the system losing prime, which could cause air inclusions.

1 = EPD electrode (Empty Pipe Detection)
2 - Measuring electrodes fsignal detection)
3 - Reference electrode (ground equalization)

a - vent valve, b = siphon
Orientation
An optimum orientation helps avoid gas and air accumulations and deposits in the
measuring tube. Promag, nevertheless, supplies a range of options and accessories
for correct measuring of problematic mediums:
• Electrode Cleaning Circuitry (ECC) for mediums that cause build-up
• Empty Pipe Detection (EPD) for degassing mediums or for applications with

fluctuating process pressure
Vertical orientation:
This orientation is ideal for self-emptying piping systems and for use in conjunction
with Empty Pipe Detection.

Horizontal orientation:
The measuring electrode-plane should be horizontal. This prevents brief insulation
of the two electrodes by entrained air bubbles.
Caution:
Empty Pipe Detection functions correctly only when the measuring device is installed
horizontally and the transmitter housing is facing upward. Otherwise, there is no
guarantee that Empty Pipe Detection will respond if the measuring tube is only
partially filled or empty.

A —•

Endress+Hauser 1 1
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Vibrations
Secure the piping and the sensor if vibration is severe.
Caution:
It is advisable to install the sensor and transmitter separately if vibration is exces-
sively severe. The sensor is shock and vibration resistant for acceleration up to 2 g
in accordance with IEC 68-2-6.

> 30 feet
( > 10m)

Foundations, supports
If the nominal diameter is 14" or larger, mount the sensor on a foundation of ad-
equate loadbearing strength.
Caution:
Do not allow the sensor casing to take the weight of the sensor. This would buckle
the casing and damage the internal magnetic coils.

fTP

Inlet and outlet runs If possible, install the sensor well clear of fittings such as valves, T-pieces, elbows,
etc. Compliance with the following requirements for the inlet and outlet runs is
necessary in order to ensure measuring accuracy:
• Inlet run > 5 x pipe diameter
• Outlet run > 2 x pipe diameter

5 x D — 2xD -

t>ki-
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Adapter pieces With the help of the appropriate adapter pieces (reducers and expanders) the sensor
can be mounted in a pipeline of a larger diameter. For slowly flowing fluids, the
resulting higher velocity increases the measuring accuracy.

max. 4° /ct. I- d l ,: D i

Length of connecting cable Permissible cable length Lmax depends on the conductivity of the medium. A
minimum conductivity of 20 (iS/cm is required for measuring demineralized water.

tl(m)
650

(200)

Gray shaded area - permissible range for medium conductivity
Lmax = length of connecting cable in feet (m)
Medium conductivity in iiS/cm
In order to ensure measuring accuracy, comply with the following instructions when
installing the remote version:
• Secure the cable run or route the cable in a conduit. Movement of the cable

can falsify the measuring signal, particularly if the conductivity of the medium
is low.

• Route the cable well clear of electrical machines and switching elements.
• Ensure ground equalization between the sensor and transmitter, if necessary.

Conditions for operation (ambient conditions)
Ambient temperature -5° to +140°F (-20° to +60°C) for sensor and transmitter

Note the following points:
• Install the device at a shady location. Avoid direct sunlight, particularly in

warm climatic regions.
Storage temperature 15° to + 120°F (-10° to +50°C), 70°F (20°C) is the preferable storage temperature.
Degree of protection Standard: NEMA 4X (IP 67) for transmitter and sensor

Optional: NEMA 6P (IP 68) for Promag W sensor, remote version
Shock and vibration resistance Acceleration up to 2 g in accordance with IEC 68-2-6

Electromagnetic compatibility (EMC) To EN 61326 and NAMUR recommendation NE 21

Endress+Hauser 13
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Conditions for operation (process conditions)
Medium temperature range The permissible medium temperature depends on the measuring tube liner:

• Polyurethane, -5° to +160°F (-20° to +70°C) for 1" to 78" sensors
• Hard rubber, 32° to +18CTF (0° to + 80°C) for 3" to 78" sensors

Conductivity Minimum conductivity:
> 5|aS/cm -> for fluids generally
> 20nS/cm -> for demineralized water
Note that in the case of the remote version, the minimum conductivity is also influ-
enced by the length of the connecting cable. Refer to "Length of connecting cable"
on Page 13.

Medium pressure range
(nominal pressure)

ANSI B 16.5:
Class 150, 1" to 24"
Class 300, 1" to 6"
AWWA:
Class D, 28" to 78"

Flow limit As a rule, the pipeline diameter determines the sensor diameter. With a known
flowrate and the help of the Endress+Hauser Flow Applicator, the best size can be
selected. Generally, a velocity range of 6 to 10 ft/sec should be selected.
A necessary increase in velocity can be achieved through a reduction of the sensor
diameter. The higher installation expense is normally balanced by the lower sensor
cost.
The flow velocity should also be determined by the fluid's physical properties:
• v < 6 ft/sec, for abrasive mediums such as potter's clay, lime milk, ore slurry, etc.
• v > 6 ft/sec, for fluids causing build-up such as wastewater sludge, etc.

Size

inches mm
1

1 - 1/2
2
3
4
6
8

10
12
14
16
18
20
24

25
40
50
80
100
150
200
250
300
350
400
450
500
600

Minimum full
scale value
(Scaling at
v - 1 0 ft/s)
24 gpm
60 gpm
9.4 gpm
24.0 gpm
37.4 gpm
84.1 gpm
150 gpm
234 gpm
337 gpm
458 gpm
498 gpm
757 gpm
934 gpm
1345 gpm

Ideal full
scale value
(Scaling at
v - 8 ft/s)
20 gpm
48 gpm
79 gpm
198 gpm
312 gpm
700 gpm
1246 gpm
1946 gpm
2800 gpm
3840 gpm
5000 gpm
6345 gpm
7835 gpm
1 1 , 280 gpm

Maximum full
scale value
(Scaling at
v - 33 ft/s)
77 8 gpm
199 gpm
311 gpm
796 gpm
1244 gpm
2801 gpm
4979 gpm
7780 gpm
11, 200 gpm
14,250 gpm
19 ,91 5 gpm
25,205 gpm
3 1 , 1 20 gpm
44,815 gpm

Refer to Page 15 for sensor sizes 28" to 78"
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Flow limit (con't.) Size

inches mm
28
30
32
36
40
42
48
54
56
60
64
66
72
78

700
750
800
900
1000
1050
1200
1350
1400
1500
1600
1650
1800
2000

Minimum full
scale value
(Scaling at
v - 1 .0 tt/s)
1830 gpm
2101 gpm
2391 gpm
3026 gpm
3735 gpm
41 18 gpm
5328 gpm
6807 gpm
7321 gpm
8404 gpm
9562 gpm
10.794 gpm
12, 102 gpm
14,940 gpm

Ideal full
scale value
(Scaling at
v - 8 ft/s)
15,355 gpm
17,625 gpm
20,055 gpm
25,380 gpm
31, 335 gpm
34,545 gpme
45,120 gpm
56,723 gpm
61,004 gpm
70,031 gpm
79,683 gpm
89,952 gpm
100,845 gpm
124,500 gpm

Maximum full
scale value
(Scaling at
v - 33 ft/s)
60,995 gpm
70,025 gpm
79,670 gpm
100,830 gpm
124,485 gpm
137,250 gpm
179,260 gpm
226,904 gpm
244,024 gpm
280,127 gpm
31 8,722 gpm
359,810 gpm
403,385 gpm
498,004 gpm

Pressure loss No pressure loss if the sensor is installed in a pipe of the same nominal diameter.
Pressure losses occur in configurations incorporating adapters (reducers, expand-
ers). Contact your Endress+Hauser representative or Endress+Hauser for informa-
tion.

Mechanical construction
Dimensions / mounting details Wall mounted bousing

Weight: 11 Ibs (5 kg)

Dimensions in inches (mm)

t>-

t
D

&ssa

-~a

y
0

I '
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9.6

-T356-
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. __ 0 45-
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Promag W (compact version)

Promag W 1" to 12"
Compact Version

Promag W 14" to 78"
Compact Version

* Blind option dimension

Nominal
Size Weight

inches mm in mm in mm in mm in mm in mm in mm Ib
1

1 - 1/2
2
3
4
6
8
10
12
14
16
18
20
24
28
30
32
36
40
42
48
54
60
66
72
78

25
40
50
80

100
150
200
250
300
350
400
450
500
600
700
750
800
900

1000
1050
1200
1350
1500
1650
1800
2000

7.87
7.87
7.87
7.87
9.84
1 1 .8
13 .8
1 7 7
19.7
21 6
236
25.6
256
307
358
384
409
460
51 2
5 3 7
61 .4
69 1
76.8
84.4
92.1
1023

200
200
200
200
250
300
350
450
500
550
600
650
650
780
910
975
1040
1 170
1300
1365
1560
1755
1950
2145
2340
2600

13 .4
13 .4
13 .4
15.4
15 .4
18.6
20.7
22.7
247
29.1
31 . 1
33.1
35.1
39.2
47.2
47.2
48.9
54.9
60.9
62.9
7 1 .7
78.7
86.5
92.9
100.4
104.3

341
341
341
391
391
472
527
577
627

738.5
790.5
840.5
891 5
995.

1 198 .5
1198.5
1241 .5
1394.5
1546.5
1598.5
1796.5
1998.5
2196.5
2360.5
2550.5
26505

10 . 1
10 . 1
10 . 1
1 1 . 1
1 1 . 1
12 .7
13 .6
14.6
15 .6
17 .9
18.9
19 .9
20.9
23.0
27.0
270
27.9
30.9
339
349
388
4 2 8
46.7
49.9
53.6
55.6

257
257
257
282
282
322
347
372
397

456.5
482.5
507.5
533
585

686.5
6865
708

7845
860.5
886.5
985.5
1086.5
1 185 .5
12675
1362.5
14 12 . 5

33 1
3.31
3.31
4.29
4.29
5.90
7.08
8.07
9.05
1 1 . 1
12. 1
13 . 1
14 . 1
1 6 2
20.1
20.1
2 1 .0
24.0
2 7 0
28.0
31 .9
35.9
39.8
43.0
468
4 8 7

84
84
84
109
109
150
180
205
230
282
308
333

3585
410.5
512
512

533.5
610
686
712
811
912
10 1 1
1093
1 188
1238

4.72
4.72
4.72
7.08
7.08
10.2
12 .7
15 .7
18 . 1
22.2
24.2
26.2
28.2
32.3
40.3
403
42.0
48.0
540
560
63.8
71 .8
79.6
86.0
93.5
97.5

120
120
120
180
180
260
324
400
460
564
616
666
717
821
1024
1024
1067
1220
1372
1424
1622
1824
2022
2186
2376
2476

3.70
3.70
3.70
3.70
3.70
5.51
6.14
6. 14
6.53
10.9
10.9
1 1 . 5
1 1 .5
15 .8
23.2
246
255
309
33.9
3 5 9
39.0
42.3
54.8
58.3
64.2
682

94
94
94
94
94
140
156
156
166
276
276
292
292
402
589
626
647
785
862
912
992
1252
1392
1482
1632
1732

16
20
23
31
35
56
78

107
127
374
440
550
616
880
880
1 100
12 10
1650
1980
2420
3080
4840
5940
8140
9020

7 3
9.4
1 0 6
14
16

25.5
35.3
48.5
57.5
170
200
250
280
400
400
500
550
750
900
1 100
1400
2200
2700
3700
4100
4600

Note: The fitting length (L) is always the same, regardless of the pressure rating.
Refer to Page 15 for the wall-mounted transmitter dimensions.
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Promag W (remote version)

Promag W r to 12-

Remote Version
Promag W 14' to 24"-

Remote Version

Nominal
Size

inches
1

1-1/2
2
3
4
6
8
10
12
14
16
18
20
24
28
30
32
36
40
42
48
54
60
66
72
78

mm
25
40
50
80

100
150
200
250
300
350
400
450
500
600
700
750
800
900

1000
1050
1200
1350
1500
1650
1800
2000

L
in

7.87
7.87
7.87
7.87
9.84
1 1 . 8
13.8
17.7
19.7
21 .6
23.6
25.6
25.6
30.7
35.8
38.4
40.9
46.0
51 .2
53.7
61 .4
69.1
76.8
84.4
92.1

102.3

mm
200
200
200
200
250
300
350
450
500
550
600
650
650
780
910
975

1040
1 170
1300
1365
1560
1755
1950
2145
2340
2600

A
in

1 1 .2
1 1 .2
1 1 .2
13.2
1 3 2
16.4
18.6
20.5
22.5
29.1
31 . 1
33.1
35.1
39.2
45.0
45.0
46.7
52.7
58.7
60.7
68.5
76.5
84.3
90.8
98.2

102.2

mm
286
286
286
336
336
417
472
522
572

683.5
735.5
785.5
836.5
940.5
1143.5
1 143.5
1186.5
1339.5
1491 .5
1543.5
1741 .5
1943.5
2141 .5
2305.5
2495.5
2595.5

B
in

7.95
7.95
7.95
8.94
8.94
10 .5
1 1 .5
12.5
13.5
15.8
16.8
17.8
18 .8
20.9
24.9
24.9
25.7
28.7
3 1 .7
32.7
36.6
40.6
44.5
47.7
5 1 .5
53.4

mm
202
202
202
227
227
267
292
317
342

401 .5
427.5
452.5
478
530

631 .5
631 .5
653

729.5
805.5
831 5
930.5
1031 .5
1 130.5
1212.5
1307.5
1357.5

C
in

3.31
3.31
3.31
4.29
4.29
5.90
7.08
8.07
9.05
1 1 . 1
12. 1
13. 1
14 . 1
16.2
20.1
20.1
21 .0
24.0
27.0
28.0
31 .9
35.9
39.8
43.0
46.8
48.7

mm
84
84
84
109
109
150
180
205
230
282
308
333

358.5
410.5
512
512

533.5
610
686
712
811
912
101 1
1093
1 188
1238

K
in

4.72
4.72
4.72
7.08
7.08
10 .2
12.7
15 .7
18 . 1
22.2
24.2
26.2
282
323
40.3
40.3
42.0
48.0
54.0
56.0
63.8
71 .8
79.6
86.0
93.5
97.5

mm
120
120
120
180
180
260
324
400
460
564
616
666
717
821

1024
1024
1067
1220
1372
1424
1622
1824
2022
2186
2376
2476

E
in
3.70
3.70
3.70
3.70
3.70
5.51
6.14
6. 14
6.53
10.9
10.9
1 1 . 5
1 1 . 5
15 .8
2 3 2
246
25.5
309
3 3 9
35.9
39.0
42.3
54.8
58.3
64.2
68.2

mm
94
94
94
94
94
140
156
156
166
276
276
292
292
402
589
626
647
785
862
912
992
1252
1392
1482
1632
1732

Weight
Ib
12
16
19
24
31
52
73
102
122
374
440
550
616
880
880

1100
12 10
1650
1980
2420
3080
4840
5940
8140
9020

10, 120

ka
5.3
7.4
8.6
12
14

23.5
33.3
46.5
55.5
170
200
250
280
400
400
500
550
750
900
1 100
1400
2200
2700
3700
4100
4600

Note: The fitting length (L) is always the same, regardless of the pressure rating.
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Weight Refer to Pages 1 5 - 1 7 .

Materials Transmitter housing:
• Compact housing: powder coated die-cast aluminum
• Wall mounted housing: die-cast aluminum
Sensor housing:
• 1 " t o 12 " : powder coated die-cast aluminum
• 14" to 78": painted steel
Flange material:
• ANSI flanges: A105 CSor 316LSS
• AWWA flanges: A 105 CS
Electrode material:
• 316L SS, Hastelloy C-22, tantalum
Seal material:
• Seals to DIN 2690

Fitted electrodes Measuring, reference and Empty Pipe Detection electrodes:
• Standard, 316L SS, Hastelloy C-22 or tantalum
• Optional: exchangeable measuring electrodes made of 316L SS (14" to 78")

Process connections Flange connections: ANSI, AWWA

Display and user interface
Display elements Liquid crystal display, backlit, two lines (Promag 50) or four lines (Promag 53)

with 16 characters per line
Custom configurations for presenting different measured value and status
variables

Operating elements Unified operation concept for both types of transmitter:
Promag 50:
• Local operation with three keys (-, +, E)
• Quick Setup menus for straightforward commissioning
Promag 53:
• Local operation with three virtual sensor keys (-, +, E)

Application specific Quick Setup menus for straightforward commissioning
Remote operation Promag 50; remote operation via HART®, PROFIBUS-PA

Promag 53; remote operation via HART®, PROFIBUS-PA/DP, FOUNDATION fieldbus

Certificates and approvals
Hazardous area approvals Information on the currently available hazardous area rated versions (FM, CSA,

ATEX, etc.) is available on request from Endress+Hauser. All information relevant to
explosion protection is available in separate documentation.

CEmark By attaching the CE mark, Endress+Hauser confirms that the instrument fulfills all the
requirements of the relevant EC directives.

Other standards and guidelines

18

Housing protection ratings (IP code), EN 60529
"Protection Measures for Electrical Equipment for Measurement, Control, Regulation
and Laboratory Procedures", EN 61010
Electromagnetic compatibility (EMC requirements), EN 61326 (IEC 1326)
Association for Standards for Control Regulation in the Chemical Industry,
NAMURNE2 1 .
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Ordering information
. .„„,„, • 1 2 3 4 5 6 7 8 9 10 11 12 13Promag 50 W Electromagnetic ,—r-i i—i r-1 r—i r~i n r~i r~i n i—I i—ii—i i—IFlowmeter, 1" to 24" Sizes Promag 50 W - |_J |J L J U U U U U U LJ LI LJ LJ

Nominal Diameter
1 25 r

40 1-1/2'
50 2'
80 3'
1H 4'
1F 6'
2H 8'
2F 10-
3H 12'
3F 14'
4H 16'
4F 18'
5H 20'
6H 24'

2 Liner
H Hard rubber liner
U Poryurelhane

3 Process Connection
L Class150ANSIB165,A105flanges
M Class 300 ANSI B16 5, A 105 flanges (not tor 8' and larger sizes)
R Class150ANSIB16.5.316LSSflanges
S Class 3OO ANSI B165.316LSSflano.es (not for 8'and larger)
9 Other

4 Electrodes /Material
0 Measuring,referenoeandEPOelectrodes/316LSS
1 Measuring, reference and EPD electrodes / Hastelloy C-22
2 Measuring, reference and EPD electrodes / tantalum
7 Exchangeable measuring electrodes / 316 L SS (only for hard rubber liner, sizes larger than 121 for safe areas only.
9 Cither

5 Calibration
A 3-point calibration, 0.5%
B 3-point calibration. 0.2%
9 Other

6 Certificates
1 Standard, no certificate
2 3.1B material certificate for pipe and flanges
3 2.3 pressure test certificate ( 1 .5 x PN, 3 minutes) only up to 12" sensor size
4 3. 1B material certificate and 2.3 pressure test certificate for sensors up to 12'only

7 Approvals
A For use in non-hazardous areas
R FM non-incendive. Class I, Div. 2 / CSA Class I. Div. 2

8 Protection Type /Version
A NEMA4X(IP67)/compact.aluminumfieldhousing
C NEMA4X(IP67)/remote, wan mounted housing
K NEMA6P (IP 67)/ remote, wall mounted housing

9 Cable for Remote Version
0 Without cable
1 15 foot coil and signal cable
2 30 foot coil and signal cable
5 Coil and signal cable, specify length in feet, maximum 650 feet, depending on conductivity of process material

(refer to Page 13)
7 Co* and signal cable, armored, specify length in feet, maximum 650 feet, depending on conductivity of process

material (refer to Page 13)
9 Other

10 Cable Entries
B 1/2'NPT
L FieWbus connector (for Protection type A and Approval A only)
X Sensor only (compact version only)
9 Other

11 Display/Power Supply/Operation
0 Without display / 85 to 260 VAC / remote configuration (not for wall mounted housing)
1 Without display / 20 to 55 VAC and 16 to 62 VDC / remote configuration (not for wall mounted housing)
4 Withdisplay/85to260VAC/Pushbuttonoperation
5 With display /20 to 55 VAC and 16 to62VDC/ Push button operation
X Sensor only, without transmitter (only available up to 8* sizes)

12 Software
A Standard
X Sensor only

13 Outputs/Inputs
W Current/HART
A Current/HART, frequency
D Current / HART, frequency, status, status input
H PROFIBUS-PA
X Sensor only
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Promag 50 W Electromagnetic Promag 50 W -["!"!Flowmeter, 28" to 78" Sizes L-LJ

Nominal Diameter

2 3 4 5 6 7 8 9 10 11 12 13
""

7H 28"
7F 30"
8H 32"
9H 36"
TO 40"
VO 42"
T2 48"
V3 54"
V5 60"
V6 66"
T8 72"
V9 78"
Uner
H Hard rubber
U Poryurelhane
Process Connection
P Class OAWWAC207, A105 Manges
9 Other
Electrodes /Material
0 Measuring, reference and EPD electrodes /316LSS
1 Measuring, reference and EPD electrodes /HastelloyC-22
2 Measuring.referenceandEPDelectrodes/Tantalurn
7 Exchangeable measuring electrodes / 31 6 L SS (only for hard rubber liner) for safe areas only.
9 Other
Calibration
A 05%catbral>on.3-point
B 0.2% calibration. 3-pont
Certificates
1 Standard, no certificate
2 3. 1B material certificate for pipe and flanges
Approvals
A For use n non-hazardous areas
R FM approved non-incendive, Class I. ttv. 2 /CSA Class I. Div. 2
Protection Type / Version
A NEMA4X/ compact aluminum field housing
C NEMA4X/ remote, wall mounted housing
K NEMA6P/ remote, wall mounted housing
CableforRemoteVersion
0 Without cable
1 15 foot coil and signal cable
2 30 foot coil and signal cable
5 Coil and signal cable, specify length in feet, maximum 650 feet, depending on conductvrty of process matenal

(refer to Page 13)
7 Cod and signal cable, armored, specify length in feet, maximum 650 feet, depending on conductivity of process

material (refer to Page 13)
9 Other
Cable Entries
B 1/2" NPT
L FieWbus connector (for Protection type A and Approval A only)
9 Other
Display /Power Supply /Operation
0 Without display / 85 to 260 VAC / remote configuration (not for wall mounted housing)
1 Without display / 20 to 55 VAC and 16 to 62 VDC / remote configuration (not for wall mounted housing)
4 Wilh display / 85 to 260 VAC 'Pusn button operation
5 With display/ 20 to 55 VAC and 16 to 62 VDC /Push button operation
Software
A Standard
Outputs /Inputs
W Current / HART
A Current / HART, frequency
D Current / HART, frequency, status, status input
H PROFIBUS-PA
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Promag 53 W Electromagnetic
Flowmeter, 1" to 24"

Promag 53 W-I
2 3 4 5 6D D D 8 9 10 11 12 13n n nnnn

Nominal Diameter
25
40
SO
80
1H
1F
2H
2F
3H
3F
4H
4F
5H
6H
Liner
H
U

r
1-1/2"
2"
3"
4"
6"
8"
10"
12"
14"
16"
IB-
20-
24"

Hard rubber
Potyurelhane

Process Connection
L Class150ANSIB16.5,A105flanges
M Class 300 ANSI B 16.5, A 105 flanges (not for 8' and larger sizes)
R Class150ANSIB16.5.316LSSflanges
S Class 300 ANSI B 16.5, 316LSS flanges (not for 8" and larger sizes)
9 Other
Electrodes/Material
0 Measuring.referenceandEPDelectrodes/316LSS
1 Measuring, reference and EPO electrodes/ Hastelloy C-22
2 Measuring, reference and EPD electrodes / tantalum
7 Exchangeable measuring electrodes/316LSS. (only for hard rubber liner, sizes larger than 12") for safe areas only
9 Other
Calibration
B 3-port calibration. 0.2%
9 Other
Certificates
1 Standard, no certificate
2 3 1B material certificate (or pipe and flanges
3 2.3 pressure test certificate (1 .5 x PN, 3 minutes) only up to 12" sensor sizes
4 3 1B material and 2.3 pressure test certificate (only up to 12" sensor sizes)
Approvals
A For use m non-hazardous areas
N FM approved explosion proof, Class 1. Div. 1 / CSA Class I, Div. 1 (only for aluminum field

housing, compact, not for 14" and larger sensors)
R FM approved non-incendive. Class I. Div. 2 / CSA Class I. Div. 2
Protection type / Version
A NEMA4X/ compact, aluminum field housing
C NEMA 4X / remote waH mounted housing (only for approvals A or R)
K NEMA 6P remote, wall mounted housing (only for approvals A or R)
9 Other
Cable tor Remote version
0 Without cable
1 15 foot coil and signal cable
2 30 foot coil and signal cable
5 Coil and signal cable, specify length in feet maximum 650 feet, depending on conductivity of process matenal

(refer to Page 13)
7 Coj| and signal cable, armored, specify length in feet maximum 650 feet, depending on conductivity of process

material (refer to Page 13)
9 Other
Cable Entries
B 1/2" NPT
L FiekJbusconnector(ProtectionrypeAandApproval Aonry)
X Sensor only (compact version only)
9 Other
Display / Power Supply / Operation
0 Without display / 85 to 260 VAC / remote configuration (not for wall mounted housing)
1 Without display / 20 to 55 VAC and 16 to 62 VDCI remote configuration (not for wall mounted housing)
2 With display/85 to 260 VAC/Touch Control operation
3 With display/ 20 to 55 VAC and 16 to 62 VDC (Touch Control operation
X Sensor only (wilhout transmitter, only available up to 8")
9 Other
Software
A Standard
C ECC electrode cleaning circuit (only for approvals A or R)
E Advanced diagnostics
G Advanced diagnostics and ECC electrode cleaning (only for approvals A or R)
X Sensor only
Outputs /Inputs
A Current HART, frequency
B Current HART, frequency and 2 relays
C Current HART, frequency, 2 relays (flexible module)
D Current HART, frequency, relay, and status input (flexible module)
F PROFIBUS PA. intrinsically safe
G FOUNDATION fieldbus. intrinsically safe
H PROFIBUS-PA (only for approvals A or R)
J PROFIBUS-DP (only for approval A)
K FOUNDATION fieldbus
L Current HART, 2 relays and status input (flexible module)
M Current HART, 2 frequency, status input (flexibte module}
2 Current HART, frequency, current, relay (flexible module}
4 Current HART, frequency, relay, current inpul (flexible module)
5 Current HART, frequency, current input, status input (flexibte module)
X Sensor onty
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1 2 3 4 5 6 7 8 9 10 11 12 13

Promag 53 W Electromagnetic Promag 53 W -Q] [] DDDDDDDI I I I I I I i l l l l i l l lFlowmeter, 28" to 78" , M in1 Nominal Diameter
7H 28"
7F 30"
8H 32-
9H 36"
TO 40"
VO 42"
T2 48"
V3 54"
V5 60"
V6 66"
T8 72"
V9 78"
Liner
H Hard rubber
U Poryurelhane
Process Connection
P ClassDAWWAC207,A105flanges
9 Other
Electrodes / Material
0 Measuring. referenceandEPDelectrodes/316LSS
1 Measunng. reference and EPO electrodes / Hastelloy C-22
2 Measunng, referenceand EPDelectrodes/Tantalum
7 Exchangeable measuring electrodes / 316L SS (only for hard rubber liner), for safe areas only
9 Other
Calibration
8 0.2% calibration, 3-point
Certificates
1 Slandard.no certificate
2 3.1Bmaterialcertificateforpipeandflanges
Approvals
A For use in non-Hazardous areas
R FM approved non-incendive. Class I, Div 2 / CSA Class I, Div. 2
Protection type /Version
A NEMA4X/compact, aluminum field housing
C NEMA4X/remote wal mounted housing
K NEMA 6P remote, wal mounted housing
9 Other
Cable for Remote Version
0 Without cable
1 15 fool coil and signal cable
2 30 foot coil and signal cable
5 Coil and signal cable, specify length in feet, maximum 650 feet, depending on conductivity of process matenal

(refer to Page 13)
7 Coil and signal cable, armored, specify length n feet, maximum 650 feet, depending on conductivity of process

material (refer to Page 13)
9 Other
Cable Entries
B 1/2" NPT
L Fieidbus connector (for Protection type A and Approval A only)
9 Other
Display / Power Supply / Operation
0 Without display / 85 to 260 VAC / remote configuration (not for wall mounted housing)
1 Without display / 20 to 55 VAC and 16 to 62 VDC / remote configuration (not for wall mounled housing)
2 With display / 85 to 260 VAC / Touch Control operation
3 With display /20to 55 VAC and 16 to62 VDC /Touch Control operation
9 Other
Software
A Standard
C ECC electrode cleaning circuit
E Advanced diagnostics
G Advanced diagnostics and ECC electrode cleaning
Outputs/Inputs
A Current HART, frequency
B Current HART, frequency and 2 relays
C Current HART, frequency. 2 relays (flexible module)
D Current HART, frequency, relay, and status input (flexible module)
F PROFIBUS PA. intrinsically safe
G FOUNDATION fieldbus. intrinsically safe
H PROFIBUS-PA (only for approvals A or R)
J PROFIBUS-DP (only for approval A)
K FOUNDATION fieldbus
L Currenl HART. 2 relays and status input (flexible module)
M Current HART. 2 frequency, status input (flexible module)
2 Current HART, frequency, current, relay (flexible module)
4 Currenl HART, frequency, relay, current input (flexible module)
5 Current HART, frequency, current input, status input (flextole module)
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Accessories Various accessories, which can be ordered from Endress+Hauser, are available for
the transmitter and the sensor. Contact your local representative or Endress+Hauser
for detailed information.

Supplemental documentation D Promag System Information (SI 028D/24/ae)
D Promag 50/53 P Technical Information (Tl 047D/24/ae)
D Promag 50/53 H Technical Information (Tl 048D/24/ae)
D Promag 50 Operating Instructions (BA 046D/06/en and BA 049D/06/en)
D Promag 53 Operating Instructions (BA 047D/06/en and BA 048D/06/en)
D Hazardous Area Approvals Documentation (FM, CSA, ATEX, etc.)
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United States
Endress+Hauser
2350 Endress Place
Greenwood, IN 46143
Phone:(317)535-7138
1-800-428-4344
FAX: (31 7) 535-84 98

Regional Office
Endress+Hauser
PO. Box 901
Harvey, LA 70059
Phone: (504)366-3264
FAX: (504)366-3816
AD Instruments
Div of Endress+Hauser
47 1 1 -A Nations Crossing Road
Charlotte, NC 282 17
Phone: (704)522-8415/8536
FAX: (704)527-5005

Regional Office
Endress+Hauser
290 1W Sam Houston
Parkway North
Suite C-250
Houston. TX 77043
Phone: (832) 590-6200
FAX: (832) 590-6202
Sterling IPC
Div of Endress+Hauser
68950 Powell Road
Romeo. Ml 48065
Phone: (810)752-0700
FAX: (81 0)752-0705
Regional Office
Endress+Hauser
942 Town Center
New Britain, PA 18901
Phone: (267)880-1750
FAX: (267)880-1759

Regional Office
RPS Industries
Div. of Endress+Hauser
500 W Central Avenue
Suite A
Brea.CA 92821
Phone: (714)529-1925
FAX (714)529-2966

Canada
Endress+Hauser
Canada Ltd.
1440 Graham's Lane
Unit 1. Burlington
ON.L7S1W3
Phone:(905)681-9292
1-800-668-3199
FAX: (905) 681 -9444
Endress+Hauser
Canada Ltee
6800 C6te de Liesse. Sle 100
SI Laurent, Que H4T 2A7
Telephone: (514) 733-0254
Telecopieur: (514) 733-2924
Endress+Hauser
Canada, Ltd.
18 103- 105 Ave. NW#101
Edmonton, AB T5S 2L5
Phone (780)486-3222
FAX: (780) 486-3466

Mexico
Endress+Hauser
Paseo del Pedregal No 61 0
Col Jardines del Pedregal
01900, Mexico DF
Mexico
Phone: (525)568-2405
FAX: (525) 568-7459
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